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Sir: 

I, MICHAEL L. BRINES, do hereby declare and state: 

1 . I am an inventor of the invention described and claimed in the above- 
identified patent application (hereinafter the "841 application"). I am presently Chief 
Scientific Officer at Warren Pharmaceuticals, Inc., licensee of the '841 application. 

2. I have over thirty years of experience in biological research and 
clinical investigation. I am a certified member of the American Board of Internal Medicine. 
My academic and technical experience and honors, and a list of my publications, are set forth 

% in my curriculum vitae, a copy of which is attached hereto as Appendix A. 

3. I have read and am familiar with the '841 application, the pending 
claims and the outstanding Office Action. I understand that the technology of the '841 
application relates to the use of erythropoietin ("EPO") and chemically modified forms of 
EPO for protecting, maintaining, enhancing or restoring the function or viability of cells, 
tissues and organs. 1 Such chemically modified forms of EPO can be EPO molecules that do 

1 For ease of reference, I will use the term "tissue-protection" instead of the phrase 
"protecting, maintaining, enhancing or restoring the function or viability of cells, tissues and 
organs." Likewise, the ability of a protein to protect, maintain, enhance or restore the 
function or viability of cells, tissues and organs will be referred to as its "tissue-protective" 
activity. 
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not increase hemoglobin concentration 2 but retain their tissue-protective activity. I have been 
informed and believe that the claims of the '841 application are subject to a rejection based on 
the contention that the '841 application does not provide sufficient evidence that chemically 
modified forms of EPO have tissue-protective effects in erythropoietin-responsive cells, 
tissues and organs as claimed. 

4. I have been asked to provide evidence that chemically modified forms 
of EPO have tissue-protective effects in erythropoietin-responsive mammalian cells, tissues 
and organs. 

5. In the following paragraphs I will present evidence that shows that 
chemically modified EPO molecules can provide tissue-protective activity in all tissues that 
coexpress the EPO receptor ("EpoR") and the common beta receptor ("cbR"). I will further 
present experimental data, citing a non-exhaustive list of examples from the literature, that 
chemically modified EPO has tissue protective effects in a wide range of different tissues. 

I. THE TISSUE PROTECTIVE AND ERYTHROPOIETIC ACTIVITIES OF EPO 
ARE MEDIATED BY SEPARATE AND DISTINCT PATHWAYS 

6. EPO provides tissue-protective activity via a separate pathway from 
the pathway it uses to exert is erythropoietic effects. (Brines etaL, 2004, PNAS 101: 14907- 
14912.) EPO exerts its erythropoietic effect via a classic EPO Receptor homodimer (the 
"classical EPO Receptor"), whereas the tissue-protective activity of EPO is due to the 
interaction of the molecule with a different receptor, known as the "Tissue-Protective 
Receptor Complex", a heteromer of the classical EPO Receptor and cbR, a signal-transducing 
subunit shared by the granulocyte-macrophage colony stimulating factor, and the IL-3 and 
IL-5 receptor. (Brines, 2004). 

7. The chemically modified EPO molecules of the invention are non- 
erythropoietic yet retain tissue protective activity. These chemically modified EPO 
molecules are tissue protective because they retain their ability to interact with the Tissue- 
Protective Receptor Complex, but have reduced erythropoietic activity compared with native 
EPO, e.g., by losing its ability to interact with the classical EPO Receptor. Based on these 

2 Molecules that do not increase hemoglobin concentration in a mammal will be 
referred to as non-erythropoietic. 
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properties, the chemically modified, non-erythropoietic forms of EPO can be expected to 
provide tissue-protection in any tissue which has a Tissue-Protective Receptor Complex, i.e. 
any erythropoietin-receptive tissue. 

8. Therefore, chemically modified forms of EPO can be expected to exert 
tissue-protective effects in all tissues that coexpress the EpoR and the cbR. A detailed list of 
tissues expressing Common Beta Receptor is attached as Appendix B. Appendix B also 
contains a non-exhaustive list of references that describe EpoR-expressing cells, tissues, or 
organs. For example, representative cell types demonstrated to express the EpoR include, but 
are not limited to, endothelial cells, myocardiocytes, macrophages, retinal cells, cells of the 
adrenal cortex and medulla, small bowel, spleen, liver, kidney and lung, as well as cells of the 
central nervous system, such as neurons and glial cells, and astrocytes. Thus, I believe that 
the tissue protective activity of EPO, which is mediated through the Tissue-Protective 
Receptor Complex, may be found in all tissues. 

9. In the paragraphs 10 to 23, below, I describe experiments from the 
literature that demonstrate that EPO and chemically modified forms of EPO, e.g., 
carbamylated EPO ("CEPO"), showed both tissue-protective activity in a variety of tissue 
types. 

II. CENTRAL NERVOUS SYSTEM 

1 0. Numerous studies have corroborated and extended the applicant's 
discovery that carbamylated recombinant human erythropoietin ("rhCEPO") shows tissue- 
protective activity in the brain. For example, Wang et al. (Brit. J. Pharmacol. 2007, 151: 

1 337-1384) have shown, using a rat model of focal cerebral ischemia, that carbamylated 
recombinant human EPO significantly reduced the cortical infarct volume and reduced 
neurological impairment. Wang et al. also showed in analogous experiments that also 
recombinant human EPO (^hEPO") significantly reduced the cortical infarct volume and 
reduced neurological impairment. These data indicate that rhCEPO, as well as rhEPO, show 
anti-inflammatory and anti-apoptotic effects. Based on these studies, I conclude that CEPO 
shows tissue-protective activity in brain tissue. 

1 1 . Chemically modified forms of EPO have also been shown to provide 
tissue-protective activity in the spinal cord. Data presented in Savino et al (J. 
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Neuroimmunol. 2006, 172: 27-37) showed that the EPO derivatives CEPO and asialo EPO, 
as well as rhEPO, are active in a chronic model of experimental autoimmune 
encephalomyelitis (EAE). The action of CEPO was associated with a decrease in the 
production of inflammatory cytokines in the spinal cord and peripheral lymphocytes. Savino 
et al shows an anti-inflammatory effect of CEPO in spinal cord tissue. These studies clearly 
demonstrate that chemically modified forms of EPO provide tissue-protective activity in 
spinal cord tissue. 

HI. PERIPHERAL NERVOUS SYSTEM 

12. Chemically modified EPO has also been shown to provide tissue- 
protective activity in peripheral nerve tissue. Bianchi et ai (Clin. Cane. Res. 2006, 12: 2607- 
2612) evaluated EPO and CEPO in an experimental model of peripheral neurotoxicity 
induced by cisplatin that closely resembles cisplatin neurotoxicity in humans. Cisplatin given 
to Wistar rats significantly lowered their growth rate, with slower sensory nerve conduction 
velocity and reduced intraepidermal nerve fiber density. Coadministration of cisplatin and 
EPO or cisplatin and CEPO partially, but significantly, prevented the sensory nerve 
conduction velocity reduction. Both molecules preserved intraepidermal nerve fiber density. 
Based on these studies, it is clear that CEPO shows tissue-protective activity in peripheral 
nerve tissue. 

IV. OTHER TISSUES 

13. Chemically modified EPO has also been shown to provide tissue- 
protective activity in heart tissue. Moon et al. (J. Pharmacol. Exp. Ther. 2006, 316: 999- 
1 005) showed in an experimental model of myocardial infarction induced by permanent 
ligation of a coronary artery in rats that a single bolus injection of 30 ug/kg b.wt. of CEPO, 
similarly to EPO, immediately after coronary ligation reduced apoptosis in the myocardial 
area at risk, examined 24h later, by 50%. These data indicate that CEPO, as well as EPO, 
shows anti-apoptotic effects in heart tissue. Based on this study, both CEPO and EPO show 
tissue-protective activity in heart tissue. 

i 14. Chemically modified EPO has further been shown to provide tissue- 

protective activity in the kidney. Kitamura et ai (Nephrol. Dial. Transplant. 2008, 0: 1-8) 
evaluated the therapeutic effects of CEPO using a rat unilateral ureteral obstruction model. 
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In this model, CEPO decreased tubular apoptosis and alpha-smooth muscle actin expression 
in the absence of polycythaemia, while the untreated obstructed kidneys exhibited increased 
tubular apoptosis with expanded alpha-smooth muscle actin expression. While EPO 
treatment similarly inhibited tubular apoptosis and alpha-smooth muscle actin expression, 
EPO treatment increased hemoglobin concentrations and induced a wedge-shaped infarction. 
These data indicate that CEPO, as well as EPO, shows anti-apoptotic effects in kidney tissue. 
Based on these studies, EPO and CEPO shows tissue-protective activity in kidney tissue. 

15. Chemically modified EPO has also been shown to provide tissue- 
protective activity in skin tissue. Brines et al, (WO2005/032467, at Example 5, p. 37) 
demonstrated the use of an ischemic wound flap model to determine the effect of CEPO on 
ischemic skin flap wound recovery. The rats that received CEPO had a greater percentage of 
the wound healed than those treated with saline for the same period. This data demonstrates 
that CEPO decreases wound size and accelerates healing. Thus, CEPO shows tissue- 
protective activity in skin tissue. 

16. EPO can also provide tissue protection of the cochlea. Mammalian 
auditory hair cells are unable to regenerate and can be irreversibly damaged by various 
agents, including gentamicin. Monge et al (Laryngoscope 2006, 1 16: 312-316) presented 
data that showed a dose-dependent protective effect of EPO on gentamicin-damaged hair 
cells in vitro. The authors concluded that decreased hair cell loss in EPO-treated organs of 
Corti that had been exposed to gentamicin provides evidence for a protective effect of EPO in 
aminoglycoside-induced hair cell death. As described above, since the tissue-protective 
effect is attributed to the interaction of EPO with the Tissue-Protective Receptor Complex, 
this experiment indicates the presence of functional Tissue-Protective Receptor Complex in 
the cochlea. Since EPO shows a tissue protective effect in this experiment, it is expected that 
a chemically modified, non-erythropoietic form of EPO having tissue protective activity 
would show the same tissue protective properties in the cochlea. Based on these studies, I 
can conclude that chemically modified forms of EPO can be expected to show tissue- 
protective activity in the cochlea. 

1 7. EPO can also show tissue-protective activity in striated muscle tissue. 
Contaldo et al (Am. J. Physiol. Heart Circ. Physiol. 2007, 293: H274-H283) investigated the 
effect of EPO in ischemia-reperfusion (I/R)-induced microcirculatory dysfunctions. The 
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study demonstrated that EPO effectively attenuates l/R injury by preserving nutritive 
perfusion, reducing leukocytic inflammation and inducing new vessel formation. The authors 
concluded that EPO protects the striated muscle microcirculation of the dorsal skinfold from 
postischemic injury in mice. Because the tissue-protective effect is attributed to the 
interaction of EPO with the Tissue-Protective Receptor Complex, this experiment 
demonstrates the presence of functional Tissue-Protective Receptor Complex in striated 
muscle tissue. Since EPO shows a tissue protective effect in this experiment, it is expected 
that a chemically modified, non-erythropoietic form of EPO having tissue protective activity 
would show the same tissue protective properties in striated muscle tissue. Based on these 
studies, I conclude that chemically modified forms of EPO can show tissue-protective 
activity in striated muscle tissue. 

1 8. Chemically modified forms of EPO can show tissue-protective activity 
in endothelial tissue. Employing an elevated glucose model for endothelial cells, Chong et 
al (Curr. Neurovasc. Res. 2007, 4: 194-204) illustrated that a final glucose concentration of 
25nM over a 48h course leads to a significant loss in cell survival and correspondingly a 
significant increase in genomic DNA degradation when compared to control endothelial cells. 
Administration of EPO significantly enhanced endothelial cell survival during elevated 
glucose. EPO also blocked apoptotic DNA degradation in endothelial cells during elevated 
glucose similar to alternate models of oxidative stress in cardiac and vascular cell models. 
The authors showed that EPO protects endothelial cells from apoptosis. Since tissue- 
protective effect of EPO results from the interaction of EPO with the Tissue-Protective 
Receptor Complex. This experiment demonstrates the presence of the Tissue-Protective 
Receptor Complex in endothelial tissue, and thus, chemically modified, non-erythropoietic 
forms of EPO having tissue protective activity would be expected to show the same tissue 
protective properties in endothelial tissues. Based on these studies, I conclude that 
chemically modified forms of EPO can show tissue-protective activity in endothelial tissue. 

19. EPO has also been shown to provide tissue-protective activity in hair 
follicles. Bodo et al (FASEB J. 2007, 21 : 3346-3354) used organ-cultured hair follicles to 
assess the effects of EPO in the presence/absence of classical apoptosis-inducing 
chemotherapeutic agents. Bodo et al demonstrated that EPO significantly down-regulates 
chemotherapy-induced intrafollicular apoptosis. Based on EPO's productive interaction with 
the Tissue-Protective Receptor Complex in this experiment, a chemically modified, non- 
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erythropoietic, tissue protective form of EPO would be expected to have the same tissue- 
protective properties in hair follicles. Based on this study, I conclude that chemically 
modified forms of EPO would have tissue-protective activity in hair follicles. 

20. EPO can also provide tissue-protective activity in bone tissue. 
Holstein et al (Life Sci. 2007: 893-900) investigated the effect of EPO treatment on bone 
healing in a murine closed femur fracture model. EPO-treated animals showed a higher 
torsional stiffness and an increased callus density when compared to vehicle-treated controls. 
Accordingly, the histomorphometric examination revealed an increased fraction of 
mineralized bone and osteoid. The authors concluded that EPO is involved in the process of 
early endochondral ossification, enhancing the transition of soft callus to hard callus. Since 
EPO shows a tissue protective effect in this experiment, it can be concluded that chemically 
modified, non-erythropoietic, tissue-protective forms of EPO would show the same tissue 
protective properties in bone tissue. Based on this reasoning, I conclude that chemically 
modified forms of EPO can provide tissue-protective activity in bone tissue. 

2 1 . EPO can also provide tissue-protective activity in intestinal tissue. 
Guneli et al. (Mol. Med. 2007, 13, 509-517) investigated whether EPO could prevent 
intestinal tissue injury in Wistar rats induced by ischemia-reperfusion (I/R). Following 
histological assessment using a microscopic scoring system to evaluate the 1/R injury in the 
intestinal tissue the authors concluded that their study established that a high single dose of 
rhEPO administered both before ischemia and at the onset of reperfusion protected the 

intestinal tissue against I/R injury. They further state that data from their study demonstrate 1 
that antiapoptotic, antioxidative and anti-inflammatory properties seem to be related to the 
EPO-mediated protective effect against I/R injury. Because the tissue-protective effect in this 
example is attributed to the interaction of EPO with the Tissue-Protective Receptor Complex 
and because EPO shows a tissue protective effect in this experiment, a chemically modified, 
non-erythropoietic, tissue protective form of EPO would also be expected to provide tissue 
protection in the intestine. Based on these studies, 1 conclude that chemically modified forms 
of EPO can be used to provide tissue-protective activity in intestinal tissue. 

22. EPO has also been shown to provide tissue-protective activity in lung 
tissue. Tascilar et al (World J. Gastroenterol. 2007. 13: 6172-6182) investigated the effect of 
exogenous EPO administration on acute lung injury in an experimental model of sodium 
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taurodeoxycholate-induced acute necrotizing pancreatitis. The study shows that the mean 
pleural effusion volume, calculated lung/body weight ratio, serum IL-6 and lung tissue 
malondialdehyde levels were significantly lower in EPO groups than in ANP groups. 
Tascilar et al concluded that histopathological evaluation confirmed the improvement in lung 
injury parameters after exogenous administration of EPO. Since the tissue-protective effect 
in this example is attributed to the interaction of EPO with the Tissue-Protective Receptor 
Complex, I conclude that a chemically modified, tissue-protective, non-erythropoietic form 
of EPO would also provide tissue protection in the lung. Based on this reasoning, I conclude 
that chemically modified forms of EPO can be used to provide provide tissue protection in 
lung tissue. 

23. EPO can also provide tissue-protective activity in liver tissue. Yazihan 
et al. (Turk. J. Gastroenterol. 2007, 18: 239-244) used a human hepatocyte cell line for assays 
to determine whether EPO treatment decreases H 2 02-induced toxicity. Yazihan et al. 
reported that EPO treatment significantly increased cell number at the 24 th and 48 th hour 
compared to the control group. H2O2 application induced apoptosis and lactate 
dehydrogenase release from Hep3B cells and decreased cell number. EPO prevented H2O2 
toxicity in hepatocytes. Since tissue protection is attributed to the interaction of EPO with the 
Tissue-Protective Receptor Complex, a chemically modified non-erythropoietic, tissue 
protective form of EPO would also provide tissue protection in the liver. Based on these 
studies, I conclude that chemically modified forms of EPO can be used to provide tissue- 
protective activity in liver tissue. 

V. CONCLUSION 

24. In summary, I have presented experimental data, citing a non- 
exhaustive list of examples from the literature, that chemically modified EPO has tissue 
protective effects in a wide range of mammalian tissues. Thus, there is ample evidence from 
the data presented in the literature that chemically modified, non-erythropoietic, tissue 
protective forms of EPO can exert tissue-protective activity in any erythropoietin-responsive 
tissue, i.e.. any tissues that expresses an Tissue-Protective Receptor Complex. 
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25. I declare further that all statements made in this Declaration of my own 
knowledge are true, that all statements made on information and belief are believed to be 
true, and further that these statements are made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment or both, under 
Section 1001 of Title 18 of the United States Code and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 



Respectfully submitted, 
Date Michael L. Brines ' 
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MICHAEL L. BRINES PhD, MD 

1 Wcpawaog Road, Woodbridge, CT 06525; office: 914-762-7586; email: mbrines@kswi.org 



2004- Co-founder, Director and Chief Scientific Officer, 
Warren Pharmaceuticals, Inc. Ossining, New York 

1998- Senior Member, 

The Kenneth S. Warren Institute, Ossining, New York 

1 989-98 Assistant & Associate Professor, Endocrinology and Metabolism, 

Department of Internal Medicine, Yale University School of Medicine 

1 992-98 Co-Director, Molecular Core, Yale Diabetes and Endocrinology Research 
Center 

1989-98 Co-Director, Yale Pituitary Center 

1 978-82 Research Associate & Assistant Professor, 

The Rockefeller University, New York (neuioscience) 

1 975-76 Research Associate, Department of Biology, 
City University of New York 

1 970-73 Research Assistant and Teaching Assistant 

Departments of Biology and Physics, University of Notre Dame 

Education and Training 

1 986-89 Postdoctoral Fellow, Training Program in Endocrinology & 
Neuroendocrinology 

1986-88 Postdoctoral Fellow, Training Program in Clinical Investigation 
Department of Internal Medicine, Yale University 

1984-86 Intern and Resident, Department of Internal Medicine 
Yale-New Haven Hospital, New Haven, Connecticut 

1 983 M. D., Yale University, New Haven, Connecticut 

1978 Ph. D., Neurobiology and Behavioral Science, 

The Rockefeller University, New York, New York 

1973 B. S. (with highest honors), Physics and Biology, 

University of Notre Dame, Notre Dame, Indiana 
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Licensure and Board Certification 



1989 American Board of Endocrinology and Metabolism 

1988 American Board of Internal Medicine 

1985 State of Connecticut, Physician and Surgeon 

Professional Associations 

1993 The Pituitary Society 

1991 The Endocrine Society 

1 976 American Optical Society 

1 976 Society for Neuroscience 

1973 Sigma Xi 

Honors. Awards and Visiting Professorships 

2003 1 1 th Richard Stow Visiting Professor, Ohio State University 

1991 Andrew Mellon Fellowship Award (Y ale University) 

1 989 Epilepsy Foundation Fellowship 

1976 The Albert Cass Traveling Fellowship (Princeton University) 

1973 Phi Beta Kappa 

1 967 Ford Future Scientist of America 



Issued U.S. Patents 

Tissue protection: 653 1 121 : Protection and enhancement of 
erythropoietein-responsive cells, tissues and organs. 

Novel drug delivery systems: 6569 1 52 & 709086 1 : Sustained release 
delivery systems for solutes 

Advanced glycosylation endproduct therapeutics: 6713050 & 6777557 
& 7022721: Method and composition for rejuvenating cells, tissues, 
organs, hair and nails. 
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ABSTRACT A previous report demonstrated that endo- 
thelial cefls have erythropoietin receptors and respond to this 
hormone with ™>**™** proliferation. The present study dem- 
onstrates the existence of mRNA for erythropoietin receptor hi 
human umbitica) vein endothelial cells. We have reverse tran- 
scribed mRNA of endothelial cells and then used different PCR 
primers to amplify erythropoietin receptor target cDNA be- 
tween exons 5 and 6 as weD as 3*5 in addition to an internal 
standard DNA fragment Correspondence of size as well as 
location of restriction endonudease scission (Avail) was used 
In comparing the amplified fragments of human endothelial ceil 
erythropoietin receptor to those of two human eiTtliroJeukemia 
ceQ lines, OCIM1 and K562. No o> or ygiobin mRNA was 
detected in endothelial cefls but was readily demonstrable in 
OC1M1 cefls. In addition, to determine whether the expression 
of hnmanerythropoienn 

vivo, sections of umbilical cord and placenta were immunc- 
stained with antibodies against the extracellular portion of the 
receptor; the results showed strong positive staining of the 
vascular endothelium* 

Erythropoietin (Epo) is a 30 ,400-Da polypeptide known to be 
the principal hormone regulating the proliferation, differen- 
tiation, and survival of erythroid ceils (1). Its cell surface 
receptors, which belong to the hematopoietic (cytokine) 
receptor superfamiiy (2), are considered highly specific for 
cells of the erythroid lineage. We have previously reported a 
proliferative effect of recombinant human erythropoietin 
(rhEpo) on cultured human umbilical vein endothelial cells 
(HUVECs) and bovine adrenal capillary endothelial cells (3) 
and Cartini e t aL (4) have described a similar autogenic effect 
on bovine pulmonary artery endothelial cells. In this study 
we used PCR techniques to detect and quantitate human Epo 
receptor (hEpoR) gene transcripts in HUVECs and com- 
pared the abundance of this mRNA with that expressed in the 
eiythroleukemia cell lines OCIM1 and K562. K562 cells 
express only 4-6 hEpoRs per cell on average (5), whereas 
OCIM1 cells exhibit about 3000 of these receptors per cell (6). 
As a negative control we used HeLa cells, which do not 
express hEpoR. In addition, we utilized a monoclonal anti- 
body to the extracytoplasmic portion of hEpoR (37) which 
has recently become available to immunostain the endothelial 
lining of human blood vessels and demonstrated strong 
reactivity of the vascular endothelium. 

MATERIALS AND METHODS 

HUVEC. HUVECs were obtained from umbilical cords 
from cesarean sections. The cells were cultured by standard 
methods in the presence of heparin and endothelial-cell 

The publication coats of thii article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
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growth supplement (7). They were characterized by their 
homogeneous and typical cobblestone morphology, factor 
Vm antigen positivity, and the presence of Weibel-Palade 
bodies on electron microscopy. HUVECs were used for 
these studies after three to five passages. 

For clonal culture to exclude contamination with hemato- 
poietic stem cells, HUVECs (1-5 x 10 5 cells per ml) were 
plated in mernylccUulose cultures as described (8), with the 
modification that half of the fetal bovine serum was replaced 
with human umbilical cord blood serum. Hematopoietic 
growth factors were added as follows: rhEpo, 2 units/ml; 
stem-cell factor, 10 pg/ml; granulocyte/macrophage-colony- 
sttmulating factor, 200 units/ml; interieukin 3, 200 units/ml; 
endothchal-cell growth factor, 20 pg/ml. 

Preparation of mRNA. After 1-5 X 10 7 cells were harvested 
and washed twice with phosphate-buffered saline, RNA was 
extracted with guamcUnium thiocyanate and lauryl sarco sin- 
ate (9). mRNA was adsorbed onto oligo(dT)-ceIlulose col- 
umns (Pharmacia) and, after the columns were washed with 
high- and low-salt solutions, was eluted with 10 mM Tris*HCl 
buffer containing 1 mM EDTA (pH 7.4) at 65°C. Total amount 
and concentration of mRNA were determined spectrophoto- 
metricaHy and confirmed by agarose gel electrophoresis. 
. Reverse Transcription of RNA and Amplification of cDNA. 
* An aliquot of mRNA (0.5-1 jig) was used for reverse tran- 
scription according to Gubler and Hoffmann (10). Synthesis 
of the first-strand cDNA began at the 3' end of poly(A) + 
mRNA by using (dT>u primer in 20 ul of 50 mM Tris-HCl,pH 
8.5/8 mM MgCfe/30 mM Kd/0.01 mM diUuothreitol con- 
taining 8 units of RNase inhibitor (Boehringer Mannheim), 1 
/xM each dNTP, and 40 units of avian myeloblastoma virus 
reverse transcriptase (Boehringer Mannheim). The reaction 
was carried out at 42°C for 60 min in a DNA thermal cycler 
(Perkin-Elmer). After the reaction was stopped, 5-10 $d of 
sample was used for PCR amplification. Synthetic oligonu- 
cleotide primers from exon 5 (sense, 5 ' -GCA-CCG- AGT- 
GTG-TGC-TGA-CG A-A-3 ') and exon 6 (anti sense, 5'-GGT- 
CAG^AG-CAC-CAG-CAT-OAC-3') were used to amplify 
hEpoR target cDNA, giving rise to a 197-bp fragment (38). 
Results from endothelial cells were compared with results 
from OCIM1 cells (positive control) and HeLa cells (negative 
control). To determine the specificity of the reaction, the 
product of the PCR amplification was subjected to digestion 
with the restriction endonndease Ava U to obtain the ex- 
pected 57-bp and 140-bp fragments. 

Quantitative PCR. To quantify hEpoR mRNA, mRNA was 
reverse transcribed (see above) and multiple reaction mix- 
tures were made with the resultant cDNA. Serial dilutions of 



Abbreviations: (r)hEpo, (recombinant) human erythropoietin; 

hEpoR, human Epo receptor; HUVEC, human umbilical vein 

endothelial cell; vWF, von WHlebrand factor. 
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an internal standard were added to each reaction mixture and 
coamp lifted (11). The internal standard was constructed by 
PCR of hEppR cDNA using the primer set 5-GCGTCCCT- 
CTAG AGTTCGCGCT-3 ' and 5'-TOGCTCATCCGCTAGG- 
CGTCAG-3' and includes a 378-bp fragment extending from 
exon 3 to exon 5 of hEppR (35). PCR amplification using Taq 
DNA polymerase Stoffel fragment (Perkin-Elmer) was per- 
formed in 10 mM TrisHCl, pH 8.3/10 mM KQ/3 mM 
MgCb/0.2 mM dNTPs; 0.25-0.5 /ig of mRNA was used for 
each PCR. Standard DNA and hEpoR primers were used at 
concentrations varying from 20 to 50 ng for HUVEC and 
OCIM1 mRNA. [a-»P)dCTP (2.5-3.0 /iCi; 1 ^Ci » 37 kBq) 
was added. The thermal cycler program was begun with a 
melting step, 3 min at 94°C, followed by 30-35 cycles of 94°C 
for I min, 55°C for 2 min, and 72°C for 3 min. Final extension 
was at 72°C for 7 min. Products of the reaction were analyzed 
by electrophoresis in 2^-2.4% agarose gels (SeaKem ME/ 
NuSieve GTG, 1:2; FMC). The bands representing hEpoR 
and the standard fragment were cut out for scintillation 
counting. hEpoR was quantified based on the amount of 
standard added and on radioactivity of the standard and of the 
hEpoR cDNA-specific band. 

tanwmohistochcgifatry* Representative sections from fresh 
human placentas and umbilical cords were fixed for 6-18 ta- 
in 96% absolute ethanol/1% glacial acetic acid/3% distilled 
water. The tissue was processed manually and embedded in 
paraffin. Sections of 5 /im were cut, heated at 55°C for 1 or, 
deparaffinized in Clear-Rite-3 (Richard Allen, Richland, MI), 
and rehydrated in graded ethanol solutions to water. Endog- 
enous peroxidase activity was quenched by freshly prepared 
3% hydrogen peroxide for 30 min, and the slides were rinsed 
and placed in phosphate-buffered saline (pH 7.3). Monoclo- 
nal anti-human erythropoietin receptor antibody (mh2er/ 
16.5.1, mouse IgGl, affinity purified on protein A) (Genetics 
Institute, Cambridge, MA) was added at a dilution of 1:25 and 
incubated for 75 min. Biotinylated anti-mouse IgO was used 
as secondary antibody and was recognized by streptavidin- 
. peroxidase (labeled streptavidin-biotin kit, K-681; Dako); 
peroxidase activity was analyzed with 3-amino-9-ethylcarba- 
zole (Vector Laboratories) as chromogen. The sections were 
couriterstained with Harris hematoxylin. Similar tissue sec- 
tions were stained for von Willebrand factor (vWF) with the 
standard Dako kit. 



RESULTS AND DISCUSSION 

Since umbilical cord blood is rich in hematopoietic stem cells, 
we took several safeguards to assure that the target cells were 
indeed endothelial cells and not a small number of contami- 
nating hematopoietic progenitor cells. We extensively washed 
die umbilical cords free of contaminating blood, removed 
repeatedly all nonadherent cells, and saw no evidence of 
emperipolesis. More than 95% of the cells were positive for 
v WF. To avoid ingrowth of fibroblasts, we used HUVECs 
only at passages 3-5 from individual donors. We observed no 
proliferative effect of rhEpo on umbilical cord-derived fibro- 
blasts or smooth muscle cells. Bovine adrenal capillary endo- 
thelial cells respond to rhEpo similarly to HUVECs even after 
11-18 passages (3). HUVECs plated in a methylceDulose 
stem-cell culture system in the presence of endothelial-cell 
growth factor produced a homogeneous endothelial layer with 
typical cobblestone morphology. Addition of hematopoietic 
growth factors foiled to give rise to any hematopoietic colonies 
over a period of 1-4 weeks but did stimulate * 'capillary tube'* 
formation as described in other angiogenic assays. 

To demonstrate the presence of hEpoR mRNA in 
HUVECs, RNA PCR was performed with avian myeloblas- 
tosis virus reverse transcriptase and (dT)u primer. Second- 
strand cDNA synthesis and amplification of cDNA were 
performed with primers from exon 5 (sense) and exon 6 
(antisense) of hEpoR mRNA (Fig. 1). The amplified fragment 
was subjected to digestion with Ava U t which splits the 197-bp 
target into 140* and 57-bp fragments. HUVECs yielded the 
expected fragment sizes, which were identical to those of 



cells, confirmation that the amplification product 
represented hEpoR mRNA. mRNA extracted from HeLa cells 
did not exhibit any amplification product in the 197- to 57-bp 
range (Fig. 1A). Amplification of a different target cDNA of 
HUVECs corresponding to a 265-bp fragment extending from 
exon 1 to exon 3 of hEpoR mRNA showed results identical to 
those obtained with OOMl, as well as with K562 cells (Fig. 
1 B and C). HeLa cells exhibited no evidence of this mRNA. 
The abundance of hEpoR mRNA evaluated by comparison 
with that of coamplified 0-actJn cDNA revealed roughly 
similar levels in HUVECs and K562 cells which were dis- 
tinctly lower than those of OCIM1 cells. These studies were 
complemented by quantification of hEpoR mRNA (Fig. 2) 
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Fra. 1. Analysis of hEpoR mRNA in 
HUVECs by PCR. cDNA was obtained 
by reverse transcription of mRNA from 
HUVECs and erythroid (OOMl) and 
. nonerythroid (HeLa) cell lines. (A) Lanes 
1 and 3 show PCR products obtained wito 
hEpoR-specific primers for OCIM1 cells 
and HUVECs, respectively, after 30 cy- 
cles of amplification. Specificity of PCR 
products was demonstrated by genera- 
tion of a 57-bp and a 140-bp fragment 
after Ave H digestion for OOMl cells 
and HUVfeC* in lanes 2 and 4. respec- 
tively. The PGR products obtained with 
HeLa cefla are shown in fame 5. (fi and O 
For coamplifiration of hEpoR without (9) 
and with (C) 0-actin as control, another 
set of specific primers, giving a PCR prod- 
uct of 265 bp, was used. Coamptification 
of p-uctin and hEpoR cDNAs (O pro- 
vides an assessment of hEpoR mRNA 
levels by comparison of the 0-actin- 
specific fragment of 594 bp with the 
hEpoR-specific fragment of 265 bp for 
each lane. Lane M, size markers. 
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Fig. 2. Quantification of hEpoR mRNA by PGR inHUVECs and OCIM1 cells. cDNA was reverse transcribed from mRNA isolated from 
HUVECs (A) and OOMl cells (B). Multiple reactions (lanes 1-7 for HUVECs and hoes 1-8 Cor OOM1 cells) for hEpoR-specific PGR 
amplification of cDNA were earned out with hEpoR primers. Prior to PCR amplification, increasing amounts of standard DNA were added to 
each reaction. At low amounts of standard the hEpoR-specific PCR product (hEpoR) was dominant. At high amounts of standard, the PCR 
product of 437 bp corresponding to the standard was dominant. Lane M, size markers. (C and I» To quantify the PCR products, {<**P)dCrP 
was added to each PCR mixture for HUVEC (C) and OOMl (D) cDNA. o t Internal standard; • , nEpoR-specific PCR product. Hie smounts 
of radioactivity recovered in the hEpoR and itandard fragments are plotted against the amount of itandard added to each reaction mixture. The 
amount of standard correspmidmg 



with an internal standard constructed from an overlapping 
segment of the hEpoR target sequence (12). The amount of 
cDNA/jig of mRNA of duplicate quantitative ICR experi- 
ments was 3.0 X lOr 4 ng for HUVECs, 4.8 x 1(T 5 ng for 
OCIMl, and 2.3 x 10-^ng for K562 cells. 

To further exclude the possibility that the hEpoR mRNA 
detected was produced by small numbers of hematopoietic * 
progenitors that remained undetected in our clonal cultures, 
we added to our standard HUVEC cultures (6) hematopoietic 
growth factors at concentrations similar to those of our clonal 
cultures* changing the supplemented medium every 3 days. 
After 10 days, all cells were harvested and their mRNA was 
extracted and analyzed by PCR for the presence of o- and 
y-globin mRNA, using reverse transcriptase (for conversion 
to cDNA) and primer pairs specific for each gjobin type (Fig. 
3). PCR products corresponding to cr-globin and y-globin 
transcripts were found in OCIM1 cells but not in HUVECs or 
HeLa cells. These results provide further confutation of the 
absence of erythroid precursors in our HUVEC cultures. 

Immunostaming of umbilical cord and placental vessels with 
antibody to vWF showed strong reactivity of the endothelium 
of umbilical veins and of placental blood vessels having muscle 
walls (Fig. 4 C and D). Staining of septal and villous thin 
capillaries of placental tissue was weak and inconsistent 
Similar results were obtained when u m hfltcal cord and placenta 
tissue sections were reacted with mouse anti-hEpoR monoclo- 
nal antibody mh2er/16J.l. This antibody binds to the soluble 
version of hEpoR on several receptor-positive cell lines and 
inhibits binding of Epo to its receptor (13). The endothelium of 
mnbflical veins (Fig. 4A) and of placental septal blood vessels 
containing muscle wall (Fig. 4S) showed strong EpoR positrv- 
hy. Placental capillaries and other cells were negative (Fig. 45), 
Vascular endothelial cells are remarkably heterogeneous in 
terms of morphology, expression of molecular markers, and 
biological function (14) and many capfflaries are v WF negative 
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Fig. 3. PCR analysis of HUVEC mRNA for gjobin gene tran- 
scripts. mRNA was prepared from HUVECs, OdMl cells, and 
HeLa ecus. PCR analysis for o-tfobui and y-globin transcripts was 
carried out using reverse transcriptase and primers specific for 
a-globin cDNA (lanes 1-3) and y-globin cDNA (lanes 4-6). The 
results for HUVECs are in lanes 1 and 4, for OCIMl cells in lanes 
2 and 5, and for HeLa cells in lanes 3 and 6. PCR product corre- 
sponding to o-globin transcripts 072 bp) was detected in OCIMl 
ceOs (lane 2 , arrowhead) but not in HUVECs (lane 1) or HeLa cells 
(lane 3). The background bands in lanes 1 and 3 are nonspecific PCR 
products. PCR product corresponding to rflobin transcripts (433 bp) 
was detected in OCIMl cells (lane 5, arrowhead) but not in HUVECs 
(lane 4) or HeLa cells Qane 6). Lanes M, 5m#3Al-dtgested pUC19/ 
plasmid deft) and a 123-bp ladder (BRL) (right). 
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Fro. 4. Expression of vWF (C and Z>) and EpoR (A and B) in umbilical cord vein endothelial edit (A and C) and placenta C& andJD). Acid 
ethanol-fixcd, paraffin-embedded tissues were treated with anti-vWF or snti-EpoR antibody followed by a penMPdase-conjugated secondary 
antibody system. (A) Umbilical cord vein endothelial cells are strongly decorated with snti-fcEpaR peroxidase (arrow). Smooth muscle of the 
wall is negative. (x35.) (0) Placental septal blood vessels with muscle wall show EpoR reactivity (filled arrow) while viUoiu and septal capillaries 
are negative (open arrow). The mtcrsntial tissue of septa and vUtt and the syncytiotrop&o&IastZc cells are negative fatrrowhead). 0*220.) (O 
UmbiHcal cord vein endothelial cells are decorated with anti-vWF peroxidase (arrow). (xJ3.\4P) Placental septal blood vessels with muscle 
wall are strongly positive for vWF (filled arrow) while the septal and villous thin capillaries show weak and inconsistent staining (open arrow). 
(X90.) 



(15). Although the histochemical staining pattern of anti-hEpoR 
seems similar to that of anti-vWF, we do not yet have detailed 
comparative studies in other tissues to know whether this 
congruence extends to other vascular areas . 

Our previous studies have shown that HUVECs have 
many more EpoRs than OOMl cells or other erythroid cells ; 
however, the quantity of hEpoR mRNA in HUVECs as 
shown in this study is less than that in OCIM1 cells. Wc have 
no experimental evidence to explain this discrepancy, but 
several explanations can be suggested. In erythroid cells, the 
mature EpoR has an exceedingly short half-life (45-60 min), 
in sharp contrast to other receptors— e.g., transferrin, insu- 
lin, and asialoglycopTOtein receptors, which have half-lives 
from 7 to 20 nr. Less than 5% of the EpoRs are found on the 
cell surface (16, 17). Migliaccio et al. (18) have proposed that 
it is the cellular environment in which the EpoR gene is 
expressed, and not simply its expression, that determines the 
erythroid-specific processing and function of EpoR. 

The concept of strict erythroid or even hematopoietic 
specificity of EpoR is being challenged not only by our 
studies but also those of Masuda et aL (19), who have recently 
described the presence of EpoR in two rodent cell lines of 
neural origin. Ohneda et al. (20) also observed a dose- 
dependent mitogenic response' to Epo of murine fetal liver 
stromal cells and detected EpoR mRNA in those ecus. They 
hypothesized a possible involvement of Epo in the develop- 
ment of the fetal hematopoietic rmcroenvironment. 



Although functional high-affinity EpoR is expressed 
mostly at the erythroM-coloiry-forming unit and proerythro- 
blast level— i.e., in erythroid cells of very late maturation 
stage (1) — Hebcrlein et al. (21) observed low levels of EppR 
gene transcripts in embryonal or multipotential cell lines. 
These primitive cells had 10-100 times less EpoR mRNA 
than more mature stages of erythroid precursors. In met, the 
EpoR gene seems to be expressed at low levels before either 
hematopoietic or erythroid commitment has occurred (21, 
22), giving rise to speculation that EpoR in these early cells 
can transmit a proliferative signal either by itself ox in synergy 
with other cytokine receptors (21). 

Epo exerts primarily a mitogenic effect on early erythroid 
precursors and a mostly differentiating effect on later eryth- 
roid precursors (1). Erythroid ceils or cell lines which re- 
spond to exogenous Epo by proliferation only (or are unre- 
sponsive) often have a single class of low-affinity receptors 
(23). Primitive erythroid progenitor cells (GD34+, CD71~) 
contain a truncated form of the receptor capable of trans- 
ducing a mitogenic'' signal, whereas more mature erythroid 
cells (CD34-, CD71+) contain the full-length receptor (24). 
The mitogenic effect of Epo on HUVECs seems similar to 
that on primitive stem cells. In HUVECs, we found an 
Epo-induced increase in cell number and pH]thymidine 
incorporation (3) and a decrease in the phosphorylation of 
p34«jc2 (25), all in association with a high number of low-af- 
finity hEpoRs. 
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Endothelial cells coexpress antigens characteristic of he- 
matopoietic cells of various lineages (26) and produce con- 
stitutive!^ or after induction, hematopoietic growth factors 
and cytokines (27-29). Presently, they are the only human 
nonhematopoietic cells expressing the pS5 chain of the h> 
terleukin 2 receptor (30) and, as shown by us, hEpoR. Of 
particular interest is their expression of markers of primitive 
hematopoietic cells, such as the CD34 antigen (31, 32) and 
GATA-2 protein (33). GATA-1 is recognized as an erythroid- 
specific transcription factor, but GATA-2 is also expressed in 
more primitive progenitor cells, possibly signaling the onset 
of commitment of mesoderm to form hematopoietic tissue 
(34). 

The vascular system is the earliest to develop in embryos, 
to best serve the metabolic requirements of other tissues. 
Although the presence ofhEpoR in cultured endothelial cefls 
cannot be a priori equated to in vivo situations , it does suggest 
that Epo controls carry autogenic pathways for the develop- 
ment of the embryonic vasculature. Schmitt et al (22) have 
also suggested that an early action of Epo may be to stimulate 
the development and activation of embryonic endothelial 
cells to produce a varied array of hematopoietic growth 
factors and cytokines. In fact the first recognizable hemato- 
poietic tissue, the blood islands of the yolk sac, are composed 
of only endothelial cells and blood cells (35, 36) . At this time, 
however, the in vivo role of endothelial hEpoR remains 
enigmatic. 
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ABSTRACT 

Nonclassical sites of erythropoietin (EPO) and erythropoietin 
receptor (EPO-R) expression have been described that suggest 
new physiological roles for this hormone unrelated to erythro- 
polesis. The recent rinding of EPO expression by trophoblast 
cells in the human placenta prompted us to consider whether 
these cells also express EPO-R. With use of immunocytochem- 
istry, EPO-R was identified in villous and exiravillous cytotro- 
phoblast cells, as well as in the syncytiotrophobtast at all ges- 
tational ages. EPO-R was also expressed by cells within the vil- 
lous core, including endothelial cells of fetoplacental blood ves- 
sels. Placental tissues and isolated and immunopurified 
trophoblast cells, as well as trophoblast-derh/ed choriocarcino- 
ma Jar cells, expressed immuno reactive EPO-R on Western blot 
EPO-R mRNA was also detected in the same placental tissues 
and trophoblast cells by nested-primer reverse transcription- 
polymerase chain reaction. Finally, EPO-R was functional insofar 
as the receptor was phosphorylated on tyrosine residues in re- 
sponse to exogenous EPO treatment of cultured trophoblast or 
Jar cells. Thus, the present findings support the hypothesis that 
trophoblast cells of the human placenta express EPO-R. In view 
of these results, taken together with previous work demonstrat- 
ing EPO expression by the same cells, an autocrine role for this 
hormone In the survival, proliferation, or differentiation of pla- 
cental trophoblast cells is proposed. 

INTRODUCTION 

Erythropoietin is a 30.4-kDa glycoprotein critical to the 
survival, proliferation, and differentiation of erythroxd pre- 
cursor cells [1-3]. The major sites of erythropoietin (EPO) 
production are the kidney and liver [1,2,4,5], However, 
other sites of EPO expression have been reported, including 
spleen and lung [6], bone marrow macrophages [7], early 
colony-forming cells [8], umbilical cord monocytes differ- 
entiated into a macrophage phenotype in vitro [9], and brain 
astrocytes [10]. Most recently, our laboratory has reported 
that trophoblast cells of the human placenta express EPO 
[1 1], and we have speculated that, analogous to the effects 
of other colony-stimulating factors produced by and acting 
upon trophoblast cells [12], locally derived EPO is involved 
in placental development Of course, fundamental to this 
hypothesis would be the demonstration of EPO receptor 
expression by trophoblast cells. 

The erythropoietin receptor (EPO-R), classically found 
in erythroid precursor cells [1-3], now has been described 
in other cell types [13-18] including endothelial cells [19- 
21]. These novel and nonclassical sites of EPO and EPO- 
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R expression raise the possibility of physiological roles for 
this hormone not necessarily related to erythropoiesis. The 
recent finding that human placental trophoblast cells ex- 
press EPO prompted us to investigate whether they also 
express EPO-R. If so, this hormonal system may have a 
potentially important autocrine role in the growth and dif- 
ferentiation of the placenta. 

MATERIALS AND METHODS 

Human Placentas 

Human placentas were obtained from women with nor- 
mal pregnancies at term immediately after cesarean section 
for breech presentation or repeat cesarean section. Placentas 
were also collected from nulliparous women with the di- 
agnosis of preeclampsia immediately after cesarean section 
(in the absence of any labor). Preeclampsia was denned 
according to standard criteria: onset of hypertension during 
late pregnancy with systolic and diastolic blood pressure > 
140/90 on at least two occasions and urinary protein > 2+ 
on dipstick or > 0.3 g/24 h [22]. First- and second-trimester 
placentas were obtained after elective terminations by vac- 
uum evacuation and dilation and curettage, respectively. A 
total of 20 placentas were investigated. Collection of pla- 
centas was approved by the Institutional Internal Review 
Board of the Magee-Womens Hospital. 

Placental Processing 

Pieces of placental villi from beneath the chorionic and 
basal plates, as well as basal plate, were quickly dissected 
(approximately 0.5 g each), rinsed in Dulbecco's phosphate 
buffered saline (PBS), snap frozen in liquid nitrogen, and 
stored at -80°C for RNA and protein extraction. Small 
placental pieces were also fixed overnight at 4°C in 0.1 N 
phosphate buffer containing 4% paraformaldehyde, washed 
in ice-cold phosphate buffer, incubated in phosphate buffer 
containing 30% sucrose overnight at 4°C, embedded in 
OCT compound (Bayer, Elkhart, IN), snap frozen in liquid 
nitrogen, and stored at -80°C until cryosection. Frozen 
sections (12 um) were cut and mounted on Fisher Super- 
frost/Plus (Pittsburgh, PA) glass slides. 

Cell Isolation and Culture Procedures 

TF-1, HeLa, and Jar cells were obtained from American 
Type Culture Collection (Rockville, MD). The erythroleu- 
kemic, bone marrow-derived TF-1 cells served as a positive 
control for EPO-R expression [23]. These nonadherent cells 
were seeded in 75 -cm 2 vented tissue culture flasks and 
grown in RPMI-1 640 medium with 1—5 ng/ml granulocyte- 
macrophage colony-stimulating factor (GM-CSF; Pepro 
Tech, Rocky Hill, NJ), 10% fetal bovine serum (FBS), l- 
glutamine, and penicillin/streptomycin. The Jar trophoblast- 
derived choriocarcinoma cells were seeded in 75-cm 2 vent- 
ed culture flasks and grown to confluency in RPMI-1 640 
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medium, 10% FBS, L-ghitamine, and penicillin/streptomy- 
cin; the HeLa cervical carcinoma cells were grown in Ea- 
gle's Minimum Essential Medium with nonessential amino 
acids, Earle's balanced salt solution, 10% FBS, L-ghita- 
mine, and penicillin/streptomycin. The HeLa cells have 
been reported not to express EPO-R [20] and thus served 
as a negative control. Another positive control cell type for 
EPO-R expression was fetal mouse liver cells obtained 
from Day 14 fetal mice and isolated immediately upon dis- 
section by mechanical dispersion [24]. 

The procedure for trophoblast isolation was based on the 
method of Kliman et af. [25] with modifications. Briefly, 
the basal plate was removed, and approximately 50 g of 
villous tissue was harvested and teased into small frag- 
ments. Villous trophoblast cells were released by four se- 
quential trypsin digestions (trypsin grade HI; Sigma Chem- 
ical Co., St Louis, MO). DNase I (grade II; Boehringer 
Mannheim, Indianapolis, IN) was used to prevent cellular 
aggregation. The first digestion was routinely discarded, as 
it contained few trophoblast cells and mainly red blood 
cells and leukocytes. The digests were layered over FBS 
and centrifuged to remove cellular debris and inactivate 
trypsin. The trophoblast cells were first separated from oth- 
er cell types by Percoll (Pharmacia and Upjohn, Kalama- 
zoo, Ml) gradient centrifugation and then further purified 
using magnetic beads (PerSeptive Diagnostics, Cambridge, 
MA) coupled to anti-human leukocyte antigen-Class 1 
(HLA-AJB.C) (Dako, Carpinteria, CA) for third-trimester 
placentas, and BioMag anti-CD45 antibody (PerSeptives 
Diagnostics) for first-trimester placentas. Purity was rou- 
tinely > 97% as determined by immunocytochemical cri- 
teria including positive staining for cytokeratin, and viabil- 
ity was routinely > 95% by Trypan Blue staining. Freshly 
isolated cells were either snap frozen in liquid nitrogen and 
stored at -80°C until extraction of RNA or protein, or were 
immediately placed in 75-cm 2 tissue culture flasks (8—10 X 
10 6 cells per flask) for a 30-min preincubation at 37°C in 
RPMI-1640 medium containing 0.5% BSA for analysis of 
EPO-R phosphorylation. 

Im m unocytochem istry 

Two anti-EPO-R antibodies were used — a monoclonal 
antibody designated mh2er 16.5.1 from Genetics Institute 
(Cambridge, MA) directed against secreted recombinant 
human (rhu) EPO-R [26], and a sheep polyclonal antibody 
from Upstate Biotechnology Incorporated (Lake Placid, 
NY) raised against the extracellular domain of the human 
EPO-R. After permeabilization of the placental tissue sec- 
tions or cultured cells with 0.3% Triton X-100, quenching 
of endogenous peroxidase with 0.6% hydrogen peroxide in 
methanol, and blocking with normal horse serum, the spec- 
imens were incubated with either the monoclonal or the 
polyclonal antibody for 1 h at room temperature. The 
monoclonal and polyclonal antibodies were used at con- 
centrations of 3-30 u-g/ml and 10 jLg/ml, respectively, 
which proved to be optimal based on preliminary experi- 
ments. Negative controls were generated by substituting the 
same concentration of mouse IgGlx isotype for the mouse 
anti-human EPO-R monoclonal antibody or sheep IgG for 
the sheep anti-human EPO-R polyclonal antibody. Using a 
Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, 
CA) and 3,3'-diaminobenzidine peroxidase substrate solu- 
tion, immunoreactive EPO-R was detected. For the sheep 
primary, antibody, a biotinylated rabbit anti-goat secondary 
antibody was used (Dako). Tissue sections were not coun- 



terstained so as to permit demonstration of immunoreactiv- 
ity in a black-and-white photographic format. After dehy- 
dration in ethanol and xylene solutions, a coverslip was 
applied using Cytoseal XYL (Stephens Scientific, River- 
dale, NJ). 

Preabsorption experiments were conducted with the 
mh2er 16.5.1 antibody from Genetics Institute. For these 
studies, the antibody was used at a final concentration of 
3 jig/ml after incubation overnight at 4°C with 3-, 10-, or 
30-fold molar excess of soluble EPO-R (Genetics Insti- 
tute) or of an irrelevant receptor, soluble tumor necrosis 
factor receptor 1 (TNF-R1) (R&D Systems, Minneapolis, 
MN). Because of the potential for nonspecific interaction 
of monoclonal antibodies with cytoskeletal proteins such 
as cytokeratin [27], which are abundant in the placenta, 
the EPO-R antibody was also incubated overnight at 4°C 
with a 30-fold molar excess of the most abundant cyto- 
keratin types in the human placenta, cytokeratins 8 and 18 
(Cortex Biochem, San Leandro, CA), or an equal volume 
of vehicle. In parallel experiments, the monoclonal anti- 
body for cytokeratin 18 (clone CY-90; Sigma) was preab- 
sorbed with the cytokeratin 8/18 to confirm the binding 
potential of the antigen. 

In order to determine whether EPO-R staining was lo- 
calized to the trophoblast cells, immunocytochemical pro- 
cedures were performed on adjacent tissue sections using a 
mouse anti-human cytokeratin monoclonal antibody (1.75 
ixg/ml; Sigma) to identify the syncytiotrophoblast layer and 
underlying cytotrophoblast cells of floating villi, as well as 
extravillous cytotrophoblast cells in the basal plate. 

Western Analysis 

Tissue homogenates were prepared by homogenizing 
frozen tissues or cell pellets for 1 min on ice with a Tekmar 
(Cincinnati, OH) homogenizer in twice the volume of ho- 
mogenizing buffer (100 mM EDTA diluted 1:2 in methanol 
that was combined with an equal volume of 100 mM KC1, 
50 mM Iris, 50 mM NaF, 10 mM EDTA, 0.5 mM ZnCl 2 , 
1 mM dithiothreitol, pH 6.8, and a cocktail of protease 
inhibitors: PMSF, antipain, leupeptin, pepstatin A, chymo- 
statin, and soybean trypsin inhibitor). Samples were cen- 
trifuged at 4°C for 15 min at 3000 X g, and supernatants 
were subsequently centrifuged at 10 000 X g for another 
1 5 min. Protein concentration was determined by the Low- 
ry method. For SDS-PAGE, samples were combined with 
an equal volume of double-strength sample buffer (0.5% 
SDS, 5% glycerol, 5% p-mercaptoethanol, 0.005% brom- 
ophenoi blue in 0.5 M Tris, pH 6.8), boiled for 4 min, and 
microcentrifuged briefly; then 20 pJ was loaded onto either 
5-20% gradient gels or single-percentage gels as appropri- 
ate and electrophoresed for 1 h at 200 V. The separated 
proteins were transferred onto a poryvinylidene difluoride 
membrane (ImmobUon-P; Millipore, Bedford, MA) for 1 h 
at —1 mA/cm 2 using a semi-dry electrophoresis transfer 
system. 

Membranes were rehydrated for 20 min in Tris-buffered 
saline (TBS, 10 mM Tris, 150 mM NaCl, pH 7.4) contain- 
ing 0.5% Tween 20 before blocking for 30 min in 3% non- 
fat dried milk diluted in TBS. Immunoblots were then in- 
cubated overnight at 4°C with monoclonal anti-human 
EPO-R antibody (mh2er 7.9.2; Genetics Institute) diluted 
1:1000 in blocking buffer. Although this antibody was also 
generated against secreted rhuEPO-R, it is not neutralizing, 
and it recognizes a different epitope than the mh2er 16.5.1 
[25]. For negative control blots, the mouse IgG! isotype 
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was substituted for the primary antibody. After a 5-min 
wash in distilled H 2 0 and two 10-min washes with TBS 
plus 0.05% Tween (TBST), blots were incubated for 1 h at 
room temperature with alkaline phosphatase-conjugated 
goat anti-mouse secondary antibody (Promega, Madison, 
WI) diluted 1:7500 in TBST. The blots were again washed 
in distilled H 2 0 and TBST, this was followed by a TBS 
wash and equilibration in alkaline phosphatase detection 
buffer (100 mM Tris, pH 9.5, 150 mM NaCl, 5 mM MgCl 2 ) 
for 10 min. The chemiluminescent substrate reagent CDP- 
Star (Boehringer Mannheim), diluted 1:200 in alkaline 
phosphatase detection buffer, was reacted with the blots for 
5 min, and the membrane was then exposed to X-OMAT 
(Eastman Kodak, Rochester, NY) film for signal detection. 

Additional studies were performed to confirm the spec- 
ificity of mh2er 7.9.2 binding. The first was preabsorption, 
for 2 h at 20°C, of the EPO-R monoclonal antibody with 
100-fold molar excess of soluble EPO receptor (Genetics 
Institute) or nonspecific antigen (recombinant human EPO- 
gen; Arngen, Thousand Oaks, CA). Additionally, Western 
blots were probed for expression of cytokeratin to confirm 
that the EPO-R bands observed were not cross-reacting. 
The anti-cytokeratin monoclonal antibody reagent used 
(AEI/AE3; Dako) recognizes cytokeratins designated #1- 
6, 8, 10, 14-16, 19, and 20 and was incubated at 1:1000 
for 2 h at room temperature with the immunoblots. 

Protein molecular masses were originally estimated by 
visualization relative to a prestained standard (Kalioscope 
broad range; Bio-Rad, Richmond, CA). More precise cal- 
culation of molecular mass was then performed by also 
running unstained SDS-PAGE standards (Bio-Rad), stain- 
ing the blots with Coomassie blue, and then measuring the 
relative mobility of each stained band relative to the dye 
front The molecular masses of positive EPO-R bands were 
then interpolated from the generated standard curve. 

Reverse Transcription-Pblymerase Chain Reaction 
(RT-PCR) and Restriction Enzyme Digestion 

Total RNA was extracted from frozen placental tissues, 
isolated and immunopurified first- and third-trimester tro- 
phoblast cells, JAR trophoblast-derived choriocarcinoma 
cells, and freshly isolated mouse fetal liver cells by the acid 
phenol/guanidinium isothiocyanate extraction method [28]. 
RNA aliquots were stored in 2-propanol at -80°C. Precip- 
itated RNA was redissolved in nuclease-free water and 
quanthated by determination of absorbency at 260 nm. 

Two micrograms of RNA was annealed with 30 ng of 
oligo(dT)i5 in nuclease-free water (total volume 1 1 uJ). Us- 
ing the Perkin Elmer GeneAmp PCR System 9600 (Foster 
City, CA), the mixture was heated at 75°C for 10 min; the 
temperature was then slowly decreased to 42°C over a 20- 
min period, and the mixture was maintained at this tem- 
perature for 15 min. RT was performed in a total volume 
of 20 jil containing RT buffer (Promega), dithiothreitol (10 
mM final concentration), dNTP (1.0 mM), and avian mye- 
loblastosis virus reverse transcriptase (0.25 U/uJ; Promega). 
Using the Perkin Elmer GeneAmp PCR System 9600, the 
reaction was heated at 42°C for 45 min followed by 99°C 
for 5 min to denature the enzyme. 

Nested-primer PCR reaction was then performed. The 
external primers were 5'-CGA-TAT-CAC-CGT-GTC-ATC- 
CAC-3' and S'-CAG-ATC-TTC-TGC-TTC-AGA-GCC-S' 
corresponding to base pairs (bp) 394-414 in exon 3 and 
bp 828-848 in exon 7, respectively, and producing a PCR 
product of 455 bp. The internal primers were 5'-GCA- 



CCG-AGT-GTG-TGC-TGA-GCA-3 ' and 5'-GGT-CAG- 
CAG-CAC-CAG-GAT-GAC-3' corresponding to bp 605- 
625 in exon 5 and bp 781-801 in exon 7, respectively, and 
producing a PCR product of 197 bp. Although the external 
primer set yielded product in all tissues and cells examined, 
the nested-primer protocol improved both sensitivity and 
specificity. The external and internal primers were chosen 
to span several introns and exons such that amplification of 
any contaminating genomic DNA would produce products 
of 3202 and 280 bp, respectively. For the first-primer PCR, 
2 u,l of the RT product was amplified with Tfl Thermostable 
DNA Polymerase (0.01 U/ul final concentration; Epicentre 
Technologies, Madison, WI) in a total volume of 20 u.1 
containing PCR buffer without magnesium (Epicentre), ex- 
ternal primers (0.2 |iM each), dNTP (0.2 mM), and mag- 
nesium chloride (1.5 mM). The first-primer PCR reaction 
was performed in the Perkin Elmer GeneAmp PCR System 
9600 tor 40 cycles of 94°C (45 sec), 54°C (30 sec), 72°C 
(30 sec) each. For the second amplification, 1 jjlI of the first 
PCR reaction was amplified using the same conditions as 
described above, except that an annealing temperature of 
58°C and 30 cycles were used. For negative controls, the 
RT reaction was conducted without RNA or without reverse 
transcriptase. 

The PCR products were mixed with 0.1 volume of gel- 
loading buffer and subjected to electrophoresis on a 2% 
NuSieve GTG low-melting point agarose (FMC Byprod- 
ucts, Rockland, ME) and 1% agarose (Promega) gel in sin- 
gle-strength Tris-borate-EDTA containing 3 jxg/ml ethi- 
dium bromide. 

Restriction enzyme digestion was performed using 10 uJ 
of the nested-primer PCR reaction. One microliter of Avail 
was added (1.0 XJ/\il final concentration; Promega), and the 
mixture was incubated for 2 h at 37°C. Both the intact 
material and cut material were then subjected to agarose 
gel electrophoresis as described above. Fragments of 140 
and 57 bp were expected, if the 197-bp-PCR product ulti- 
mately derived from EPO-R mRNA [20]. 

Protein Tyrosine Phosphorylation 

Freshly isolated trophoblast cells from the normal term 
placenta or Jar cells (10 x 10 6 per treatment group), de- 
prived of serum by incubation in RPM1-1640 containing 
only 0.5% BSA and antibiotics for 12-18 h, were used in 
this study. To initiate the experiments, the serum-free me- 
dium was replaced with RPMI-1 640 with or without recom- 
binant human EPO (40 U/ml; Amgen), and cells were in- 
cubated at 37°C for 2 or 5 min. Time zero controls were 
cells collected after preincubation in serum-free conditions. 
To quench experiments, flasks containing monolayer cul- 
tures of Jar cells were placed on ice, medium was aspirated, 
cells were rinsed with 2 ml cold PBS+0.1 mM Na 3 V0 4 , 
and the monolayer was then scraped into tubes and centri- 
fuged for 1 min at 1800 x g Trophoblast cells remained 
in a suspended form, and therefore the collected cells were 
pelleted by centrifugation for 5 min at 800 X g. Cell pellets 
were then resuspended in lysis buffer containing 20 mM 
Iris, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 2 mM 
EDTA, 50 mM NaF, and 1 mM Na ? V0 4 with protease in- 
hibitors. After incubation for 20 min at 4°C, lysates were 
centrifuged for 15 min at 10 000 x g, and the supernatant 
was stored at -80°C. 

Immunoprecipitation was performed by incubating 150 
ixg protein from the cellular lysates with 4 u.g mouse anti- 
EPO-R monoclonal antibody (clone mh2er 7.9.2) or sub- 
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FIC. 1. Localization of immunoreactive EPO-R in first-trimester human 
placenta using mouse monoclonat antibody clone mh2er 1 6.5.1 at 10 p,g/ 
ml. A, B) Demonstration of Immunoreactivity associated with the villous 
cytotrophobiast (small arrowhead), syncytiotrophoblast (medium arrow- 
head), and the endothelium of a fetoplacental vessel (large arrowhead) 
within the villous core and other villous core cells. Substitution of mouse 
IgGlK isotype for the primary antibody was used for the negative control 
depicted in C See Materials and Methods for details. Original magnifi- 
cation: X400 (reproduced at 59%). 



stituted IgGlK isotype (negative control for nonspecific 
binding) in a final volume of 0.5 ml containing immuno- 
precipitation buffer (10 mM Iris, pH 7.5, 1% Triton X-100, 
0.5% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, 0.2 mM 
Na 3 V0 4 , and protease inhibitors) for 2 h at 4°C with gentle 
rocking. Lysates were further incubated for 2 h after the 
addition of 20 u,l of Protein A/G PLUS- Agarose (Santa 
Cruz Biotechnology, Santa Cruz, CA) per immunoprecipi- 
tation reaction. The lysates were then centrifuged for 5 min 
at 10 000 x g; pellets were washed four times in immu- 
noprecipitation buffer before final resuspension in 20 ijlI of 
double-strength sample buffer and then boiled for separa- 
tion by SDS-PAGE as described above. After transfer onto 
polyvinylidene difluoride membrane and blocking in 5% 
BSA in TBS, the blots were incubated for 2 h at room 
temperature with anti-phosphotyrosine antibody (Jar cell 
experiments: PY20 monoclonal antibody; Transduction 
Laboratories, Lexington, KY, and trophoblast cell experi- 
ments: PY99 monoclonal antibody; Santa Cruz Biotech- 
nology) followed by two 10-min washes in TBST and then 
TBS. Blots were then incubated with secondary antibody 
(rabbit anti-mouse Ig, peroxidase-conjugated; Jackson 
Labs., West Grove, PA) diluted in 1% BSA in TBST for 1 
h followed by another series of washes. Detection was per- 
formed using Renaissance Chemi luminescence Reagent 




FIG. 2. Localization of immunoreactive EPO-R in second-trimester hu- 
»t man placenta using mouse monoclonal antibody clone mh2er 16.5.1 at 

30 jigfrnl. A) Cytokeratin staining identifying the cytotrophobiast cell col- 
umns (large arrowhead) emanating from an anchoring villus into the basal 
plate. B) EPO-R immunoreactivity in the cytotrophobiast cell columns; Q 
the negative control generated by substituting mouse IgCI k isotype for 
the primary antibody. Original magnification: X200 (reproduced at 62%). 




FIG. 3. Localization of immunoreactive EPO-R in third-trimester human 
placenta using mouse monoclonal antibody clone mh2er 1 6.5.1 at 30 u,g/ 
ml. A) Ceils expressing immunoreactivity within the basal plate (small 
arrowhead). 6) EPO-R immunoreactivity associated with the endothelium 
of fetoplacental vessels (large arrowhead) and villous trophoblast (medi- 
um arrowhead). Substitution of mouse IrG1 it isotype for the primary an- 
tibody was used for the negative control depicted in C Original magni- 
fication: X20O (reproduced at 61%). 



(NEN Life Sciences, Boston, MA) and BioMax MR film 
(Eastman Kodak). 

RESULTS 

Detection of EPO-R Immunoreactivity 

Figures 1—3 portray the expression of immunoreactive 
EPO-R in the human placenta and are representative of 
three different placentas tested at each trimester of preg- 
nancy. In the first-trimester placentas, immunoreactive 
EPO-R detected by the monoclonal antibody clone mh2er 
16,5.1 was expressed by villous cytotrophobiast cells, syn- . 
cytiotrophoblast, and fetoplacental vascular endothelium, as 
well as other cells scattered throughout the villous core 
(Fig. 1, A and B). The staining was particularly intense at 
the membrane interface between syncytiotrophoblast and 
underlying cytotrophobiast Similar results were obtained 
with the sheep polyclonal antibody evaluated on the first- 
trimester placentas, although the staining was generally less 
intense but clearly distinguishable from the negative control 
(data not shown). Using the same monoclonal antibody, 
immunoreactive EPO-R was expressed by the syncytiotro- 
phoblast, cytotrophobiast cell columns, and villous core 
cells in the second-trimester placentas (Fig. 2, A and B). 
Endovascular and intravascular cytotrophobiast cells were 
also positive for EPO-R immunoreactivity (data not 
shown). Immunoreactive EPO-R was also observed in the 
trophoblast layer and fetoplacental vascular endothelium, as 
well as in cells within the villous core and basal plate of 
third-trimester placentas using monoclonal antibody clone 
mh2er 16.5.1 (Fig. 3, A and B). All negative controls gen- 
erated by substituting the mouse IgGU isotype for the pri- 
mary antibody were virtually devoid of any staining (Figs. 
1C, 2C, and 3C). In preabsorption studies, 3-, 10-, and 30- 
fold molar excess of soluble EPO-R markedly diminished 
the immunoreactive EPO-R, whereas 30-fold molar excess 
soluble TNF-R1 was without effect (Fig. 4, A-C). Finally, 
30-fold molar excess of cytokeratin 8/18 did not affect 
EPO-R immunoreactivity (Fig. 4D), whereas cytokeratin 
staining after preabsorption was typically reduced by 50% 
(data not shown). 

Figure 5 shows the detection of a 66-kDa band by West- 
em analysis in the human placenta and is representative of 
three different placentas tested at each trimester of normal 
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FIG. 6. Western blot analysis of EPO-R using mouse monoclonal anti- 
body clone mh2er 7.9.2. A prominent 66-kDa band was detected in pos- 
itive control cell lysates from TF-1 cells (lane 1) and in the trophoblast- 
derived choriocarcinoma Jar cell lysates (lane 2). No reactivity was de- 
tected in negative control HeLa cells (lane 3) or in a negative control blot 
where the mouse IgCI k isotype was substituted for the primary antibody 
(lanes 4-6). Molecular weight standards x 10~ 3 are indicated on the left. 





FIG. 4. Localization of immunoreactive EPO-R in the second-trimester 
placenta using mouse monoclonal antibody clone mh2er 1 6.5.1 at 3 fig/ 
ml. A) Prominent EPO-R irnmunoreactivity in the syncytiotrophoWast (me- 
dium arrowhead) and underlying villous cytotrophoblast (small arrow- 
head). This irnmunoreactivity was completely eradicated after preabsorp- 
tion with a 30-fold molar excess of soluble EPO-R (B) but not with an 
irrelevant receptor, soluble TNF-R1 (Q. Moreover, preabsorption with a 
30-fold molar excess of cytokeratins 8 and 18 did not affect EPO-R irn- 
munoreactivity (D). "The large, thick arrowheads in C and D identify, re- 
spectively, the endothelium of a fetoplacental vessel and cytotrophoblast 
cells emanating from an anchoring villus into the basal plate. Original 
magnification: X200 (reproduced at 80%). 




pregnancy and at preeclamptic pregnancy. Moreover, im- 
munoreactive EPO-R was evident in isolated, immunopur- 
ified first- and third-trimester cytotrophoblast cells. A band 
of lesser intensity was observed in placental homogenates, 
the molecular size of which was calculated to be —78 kDa. 
Figure 6 portrays the detection of the immunoreactjve 66- 
kDa EPO-R by Western analysis in the positive control TF- 
1 cells and in Jar trophoblast- derived choriocarcinoma 
cells, but not in the negative control HeLa cells. Negative 
control blots (Fig. SB and Fig. 6, right panel) generated by 
substituting mouse IgGln isotype for the primary antibody 
were virtually devoid of any bands. As a further control in 
Western blotting experiments, the 7.9.2 monoclonal anti- 
body was also preabsorbed with soluble EPO-R (Fig. 7). 
The intensity of the 66-kDa band in TF-1 cells and purified 
trophoblast cells was considerably reduced compared to 
that obtained after incubation with 7.9.2 antibody alone, 
and the EPO-R band was eliminated altogether in placental 
homogenates. Band intensity was not affected when the 
EPO-R antibody was preabsorbed with a nonspecific anti- 
gen (rhEPO, data not shown). A larger molecular size band 
was also apparent (—90 kDa), but it was not diminished by 
preabsorption of the 7.9.2 monoclonal antibody with solu- 
ble EPO-R. In contrast, a lower molecular size band (—45 
kDa, possibly the truncated EPO-R; see Discussion) was 
eliminated by the preabsorption protocol (data not shown). 
Finally, to ensure mat the EPO-R monoclonal antibody was 
not cross-reacting with cytokeratins, simultaneous detection 
of EPO-R and placental cytokeratin with a pan-antibody 
was performed (Fig. 8, A and B). Immunoreactive EPO-R 
and cytokeratins bands were not overlapping. Although the 
pan-cytokeratin antibody does not detect cytokeratin 9, 
which is 64 kDa, this cytokeratin has been found exclu- 
sively in the suprabasal epidermis of the footpad [29]. 




FIG. 5. Detection of EPO-R on immunobfots of human placental lysates 
and immunopunfled trophoblast cell homogenates using mouse mono- 
clonal antibody mh2er 7.9.2. Proteins were first separated by SDS-PAGE 
(see Materials and Methods for details). A) Lane 1: isolated, immunopur- 
ified first-trimester trophoblast cells; lane 2: isolated, immunopu rified 
third-trimester trophoblast cells; lane 3: first-trimester villous placenta- 
lane 4: second-trimester villous placenta; lane 5: term villous placenta; 
lane 6: villous placenta from a woman diagnosed with preeclampsia. B) 
The negative control Wot where the mouse lgG1 k isotype was substituted 
for the primary antibody (lanes 1-6). Molecular weight standards X 10' 1 

are indicated on the left 




FIG. 7. Detection of EPO-R in TF-1 cells (lane 1), trophoblast cells iso- 
lated and immunopunfled from first-trimester placenta (lane 2), and third- 
trimester villous placental homogenates (lane 3). Immunoblots were de- 
tected using either anti-EPO-R monoclonal antibody 7.9.2 (A) or antibody 
preabsorbed with soluble EPO-R (B). Q The negative control blot where 
mouse IgGl k was substituted for the primary antibody. Molecular weight 
standard x 10" J is indicated on the left. 
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FIG. 8. Detection of EPO-R (A) and cytokerabns (B) in immunoblots of 
placental homogenates from lane 1, first trimester; lane 2, second tri- 
mester; lane 3, third trimester; and lane 4, preeclamptic villous placental 
tissues. O The negative control blot where the mouse IgGlK was substi- 
tuted for primary antibody. Molecular weight standards x TO" 3 are indi- 
cated on the left. 



Detection of EPO-R mRNA 

By loading 20 u,g of total RNA or pory(A) + RKA from 
the villous placenta and from isolated first- and third-tri- 
mester trophoblast cells, we were able to detect a feint hy- 
bridization signal by Northern analysis at approximately 1.8 
kilobases (data not shown). However, we used RT-PCR to 
verify the expression of placental EPO-R mRNA (Figs. 9 
and 10). A 197-bp PCR product was amplified from re- 
verse-transcribed RNA extracted from first- and third-tri- 
mester placentas, Jar trophoblast-derived choriocarcinoma 
cells, isolated and irnmunopurified first- and third-trimester 
trophoblast cells, and the positive control fetal mouse liver 
cells (Figs. 9A and 10A). The 197-bp product was predicted 
based on the internal set of primers [20]. Deletion of RNA 
or reverse transcriptase from the RT reaction yielded no 
demonstrable bands by ethidium bromide detection. As ad- 
ditional evidence that the amplified 197-bp PCR product 
was ultimately derived from EPO-R mRNA in these pla- 
cental tissues and trophoblast cells, restriction enzyme di- 
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FIG. 9. A) Detection of EPO-R mRNA by nested-primer RT-PCR and 
visualization of the amplified 1 97-bp product by agarose gel electropho- 
resis in the presence of ethidium bromide. Lanes 1 and 7, size standard; 
lanes 2 and 8, RNA deleted from the RT reactions (negative control); lane 
3, fetal mouse liver cells (positive control); lane 4, reverse transcriptase 
omitted from the RT reaction for RNA from fetal mouse liver celts (neg- 
ative control); lane 5, Jar trophoblast-derived choriocarcinoma cells; lane 
6, reverse transcriptase omitted from the RT reaction for RNA from Jar 
cells; lane 9, isolated, irnmunopurified first-trimester trophoblast cells; 
lane 10, reverse transcriptase omitted from the RT reaction for RNA from 
first-trimester trophoblast cells; lane 1 1, isolated, irnmunopurified third- 
trimester trophoblast cells; lane 12, reverse transcriptase omitted from the 
RT reaction for RNA from third-trimester trophoblast cells. B) Restriction 
enzyme digestion using Avail and visualization of the 140- and 57-bp 
fragments by agarose gel electrophoresis in the presence of ethidium bro- 
mide. Lanes 1, 3, 5, and 7, size standard; lane 2, fetal mouse liver ceils; 
lane 4, |ar trophoblast-derived choriocarcinoma cells; lane 6, isolated, 
irnmunopurified first-trimester cells; lane 7, isolated, irnmunopurified 
third-trimester cells. See Materials and Methods for details. 
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FIG. 10. A) Detection of EPO-R mRNA in placental tissues by nested- 
primer RT-PCR and visualization of the amplified 197-bp product by aga- 
rose gel electrophoresis in the presence of ethidium bromide. Lanes 1 
and 5, size standard; lanes 2 and 6, RNA deleted from the RT reactions 
(negative control); lane 3, first-trimester villous placenta; lane 4, reverse 
transcriptase omitted from the RT reaction for RNA from first-trimester 
villous placenta (negative control); lane 7, third-trimester villous placenta; 
lane 8, reverse transcriptase omitted from the RT reaction for RNA from 
third-trimester villous placenta. 6) Restriction enzyme digestion using 
Aval! and visualization of the 140- and S7-bp fragments by agarose gel 
electrophoresis in the presence of ethidium bromide. Lanes 1 and 3, size 
standard; lane 2, first-trimester villous placenta; lane 4, third-trimester 
villous placenta. 



gestion was performed using Avail (Figs. 9B and 10B).The 
predicted and observed sizes of the two restriction enzyme 
fragments of 140 and 57 bp were identical. These were also 
observed for the positive control fetal mouse liver cells. 

Protein Tyrosine Phosphorylation 

Figure 11A is representative of three different experi- 
ments showing that the EPO-R of Jar trophoblast-derived 
choriocarcinoma ceJls undergoes phosphorylation on tyro- 
sine residues in response to treatment with exogenous 
rhuEPO for 2 and 5 min (40 U/ml). After irnnrunoprecipi- 
tation of cell lysates with monoclonal anti-EPO-R antibody 
clone mh2er 7.9.2, and probing of the immunoblot with 
arrti-phosphotyrosine antibody, a prominent band of ^ 80 
kDa was observed. Low amounts of basal tyrosine phos- 
phorylation of the receptor were also detectable in cells 
prior to EPO treatment. Analysis of tyrosine phosphoryla- 
tion of the EPO-R in inununopurified third-trimester pla- 
cental cells was also performed (Fig. 11B). As with Jar 
cells, purified trophoblast cells express a phosphoprotein 
that can be immunoprecipitated with an anti-EPO-R anti- 
body, and the degree of intensity is increased with exoge- 
nous EPO treatment. In this representative blot of three ex- 
periments, an intense signal was observed in the freshly 
isolated trophoblast cells (time zero); however, in subse- 
quent experiments, a band of lesser intensity was detected. 
In addition, a higher molecular weight band was observed, 
but this band was also apparent when IgGlK was substi- 
tuted for the 7.9.2 monoclonal antibody in the immunopre- 
cipitation procedure (data not shown). Finally, immunopur- 
ification of the EPO-R was performed with either the 7.9.2 
or the 16.5.1 ann-EPO-R antibody, which recognize distinct 
epitopes, and a phosphotyrosine protein was found in Jar 
cells treated with exogenous EPO (Fig. 11C). 

DISCUSSION 

The recent report of EPO expression by trophoblast cells 
in the human placenta [11] prompted us to test whether the 
same cells also express the EPO-R. If so, then by analogy 
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FIG. 11. A) EPO-induced tyrosine phosphorylation of the EPO-R in tro- 
phoblast-derived choriocarcinoma Jar cells. The EPO-R was Immunopre- 
cipitated with anti-EPO-R antibody (mh2er 7.9.2) from Jar cell lysates at 
various times after treatment with recombinant human EPO (40 U/ml) and 
separated on 5-20% gradient SDS-PAGE; then immunoblots were probed 
with anti-phosphotyrosine antibody (PY20). See Materials and Methods 
for further details. Nonstimulated Jar cells after an overnight preincubation 
in serum-free conditions were considered to be Time 0 (Lane 1). Lanes 2 
and 3 are Jar cells after 2 min without (lane 2) or with EPO treatment 
(lane 3), and after 5 min without (lane 4) and with EPO treatment (lane 
5). Lane 6 represents jar cells at Time 0 that were immunoprecipitated 
with a mouse IgGlic isotypic control. B) EPO-induced tyrosine phos- 
phorylation of the EPO-R in freshly isolated, immunopuriMed trophoblast 
cells from the term placenta. EPO-R was immunoprecipitated with anti- 
EPO-R antibody (7.9.2) from cell lysates, and immunoblots were probed 
with an anti-phosphotyrosine antibody (PY99). Lanes 1-6 are as follows: 
negative control immunoprecipitation with mouse IgCl k, untreated tro- 
phoblast cells at time zero, untreated trophoblast cells after 5-min incu- 
bation at 37*C, trophoblast cells incubated for 5 min with rhEPO (40 U/ 
ml), Jar cells incubated 5 min with no treatment. Jar cells incubated 5 
min with rhEPO (40 U/ml). Q EPO-induced tyrosine phosphorylation of 
the EPO-R in trophoblast-derived choriocarcinoma Jar ceils. Cultured Jar 
ceils were treated for 5 min with rhEPO (40 U/ml), and the EPO-R was 
immunoprecipitated from lysates with either monoclonal antibody mh2er 
7.9.2 (lane 1) or 16.5.1 (lane 2). Immunoblots were probed with anti- 
phosphotyrosine antibody, PY99, Molecular weight standards X 10" s are 
indicated on the left. 



to erythroid precursors, important functions for this hor- 
mone related to survival, proliferation, and/or differentia- 
tion of placental trophoblast cells are possible. The findings 
of the present work provide evidence for the expression of 
EPO-R by trophoblast cells: 1) villous and extravillous cy- 
totrophoblast cells, as well as syncytiotrophoblast at all ges- 
tational stages, expressed immunoreactive EPO-R identified 
by immunohistochernistry; 2) placental tissues and isolated, 
immunopurified trophoblast cells of various gestational 
ages, as well as Jar trophoblast-derived choriocarcinoma 
cells, also expressed immunoreactive EPO-R by Western 
blot; 3) EPO-R mRNA was detected in the same placental 
tissues and trophoblast cells by RT-PCR; and 4) the EPO- 
R was shown to be functional, insofar as tyrosine phos- 
phorylation of the receptor increased in response to exog- 
enously administered EPO. 

In the present investigation, we confirmed the localiza- 
tion of EPO-R to the endothelium of fetoplacental vessels 



by immunocytochemistry as originally described by An- 
agnostou et al. [20] using the same m2her 16.5.1 monoclo- 
nal antibody. Indeed, this confirmation was an important 
"positive control" for our work. In the same term placental 
tissue sections, however, we also observed EPO-R immu- 
noreactivity associated with the trophoblast layer (Fig. 3), 
a finding not reported by Anagnostou and coworkers. The 
explanation for these partly discrepant results may relate to 
different procedures of tissue fixation and processing, as 
well as to the generally lower intensity of staining in the 
syncytiotrophoblast as compared to the fetoplacental en- 
dothelium. There was no evaluation of placentas of earlier 
gestational ages or of basal plate from the term placenta in 
the previous report, so the observation of EPO-R expres- 
sion associated with extravillous cyto trophoblast, villous 
cytotrophoblast, and cytotrophoblast cell columns as re- 
ported herein is also new (Figs. 1-3). Further, the present 
results obtained with the m2her 16.5.1 antibody were ob- 
served with a sheep polyclonal antibody. Consistent with 
our observation of EPO-R expression by various popula- 
tions of trophoblast cells in the human placenta is the find* 
ing of EPO-R immunoreactivity associated with the tro- 
phoblast giant cells in the mouse placenta [30]. 

A prominent band of 66 kDa was observed on Western 
blot for placental tissues and trophoblast cells, confirming 
the immunocytochemical results demonstrating EPO-R ex- 
pression by these tissues (Figs. 5 and 6). Importantly, this 
detection of immunoreactive EPO-R by Western blot was 
achieved using another monoclonal antibody that recog- 
nized a different epitope from the one employed in the im- 
munocytochemistry [26]. Although intact placental tissues 
might be expected to express EPO-R by Western blot be- 
cause they contain fetoplacental vascular endothelium and 
fetal erythroid precursors, the expression of EPO-R by 
Western blot was also observed in isolated and immuno- 
purified first-trimester and term trophoblast cells, as well as 
in the Jar trophoblast-derived choriocarcinoma cell line. 

The 66-kDa form of the EPO-R reportedly represents the 
Golgi form of the EPO-R and is the predominant one found 
in other tissues [31], including the placenta (current study). 
In immunoblots of placental homogenates, a less intense 
band of -76-78 kDa was also observed. This protein is 
presumably the plasma membrane form of the receptor, 
which has a reported size range of 70-78 kDa [31]. The 
TF-1 cells, an erythroleukemic cell line known to express 
high levels of EPO-R [23], also demonstrated a prominent 
band of corresponding size, thus serving as our positive 
control. A recent investigation has suggested that TF-1 cells 
also express an abnormal transcript due to a translocation 
breakpoint in exon VIII, resulting in a truncated form of 
EPO-R (—46 kDa) [32], Human bone marrow cells express 
another truncated receptor that lacks most of the cytoplas- 
mic domain coded in exon VHI and that derives from the 
inclusion of the 95-bp intron VII, resulting in a premature 
stop codon [33], Further, the soluble form of EPO-R of -34 
kDa lacks both the transmembrane and cytoplasmic do- 
mains and derives from the insertion of the terminal 104- 
bp sequence of intron IV, which contains a stop codon [34, 
35]. In this regard, lower molecular mass bands were ob- 
served for the TF-1 and Jar trophoblast-derived choriocar- 
cinoma cells on Western blot analysis (Fig. 6). Because the 
expression of these different forms of EPO-R, as well as 
of the full-length EPO-R, may vary according to the stage 
of erythroid differentiation, and potentially regulate the cel- 
lular action of EPO [33, 36, 37], it may be important to 
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determine whether the truncated and soluble forms of EPO- 
R are expressed by trophoblast cells. 

In addition to identification of EPOR protein, we also 
detected EPO-R mRNA in placental tissues and trophoblast 
cells using RT-PCR. Levels of EPO-R message do not seem 
to be very abundant, as others have reported its detection 
by Northern analysis in positive control TF-1 cells when 
10 u.g of poly(A) + RNA was used [38], We noted only faint 
hybridization signals in placental villous tissues and isolat- 
ed first- and third-trimester trophoblast cells. To improve 
both the sensitivity and specificity of the assay, we used 
nested-primer RT-PCR, which revealed an intense, solitary 
product of 197 bp by agarose gel electrophoresis and eth- 
idium bromide staining (Figs. 9 and 10). Using restriction 
enzyme digestion, we verified that the 197-bp amplicon was 
derived from EPO-R mRNA in the placental tissues and 
trophoblast cells, since the predicted and observed sizes of 
the two fragments generated by incubation with Avail, 140 
and 57 bp, were identical. The nested-primer PCR approach 
that we employed did not permit us to determine whether 
alternative splice forms of EPO-R mRNA consistent with 
the soluble or truncated EPO-R are present in placental tis- 
sues and trophoblast cells because the internal primers did 
not span the insertion sites for these alternative species. 
Finalfy, we cannot completely exclude the possibility that 
the EPO-R mRNA faintly detected on Northern analysis 
and robustly by RT-PCR was derived solely from contam- 
inating cells in the irnmunopurified trophoblast preparation 
3%). However, the presence of mRNA in the Jar tro- 
phoblast-derived choriocarcinoma cell line, as well as pro- 
tein expression by trophoblast cells in placental tissues on 
inimunocytochernistry, makes this possibility an unlikely 
one. 

The elucidation of potential binding sites and transport 
of EPO across the placental barrier has clinical significance 
in terms of assessing safety to the fetus with rhEPO ad- 
ministration to anemic pregnant women (refer to [39]). In 
addition, measurement of circulating EPO may serve as a 
marker of fetal distress since increased nucleated red blood 
cell counts can be measured in the neonate from compli- 
cated pregnancies [40]. Previous studies have resulted in 
contrasting results with no demonstrable binding of radio- 
labeled EPO by the human placenta [41] and no transport 
between the maternal and fetal compartments in a model 
of perfused cotyledons [42]. Interestingly, in the latter study 
the authors measured a 50% loss of EPO from the perfusate 
after 5 h, suggesting that the administered rhEPO was being 
bound without placental transfer. Our laboratory has also 
attempted to identify specific EPO binding sites on isolated 
trophoblast cells using 125 I-labeled ligand without success 
(data not shown). However, since these cells coexpress 
EPO, prior occupancy of the receptors may mask binding. 

A proximal event in the signal transduction of EPO in 
erythroid precursor cells is the phosphorylation of the EPO- 
R on tyrosine residues (see [43], and citations therein). Like 
other members of the cytokine receptor superfarnily, EPO- 
R itself does not contain a tyrosine kinase domain. Rather, 
interaction with EPO results in EPO-R homodimerization 
and activation of the Janus tyrosine kinase, JAK 2, which 
is bound to the proximal cytoplasmic region of EPO-R re- 
sulting in tyrosine phosphorylation of several proteins in- 
cluding EPO-R itself [43]. In the present investigation, we 
provide evidence that the EPO-R on trophoblast cells and 
trophoblast-derived Jar cells is functional, insofar as it is 
phosphorylated on tyrosine residues in response to exoge- 
nous EPO (Fig. 11). Interestingly, some basal tyrosine 



phosphorylation was also evident, perhaps reflecting the au- 
tocrine action of endogenousry produced EPO, since we 
have previously reported that Jar trophoblast-derived cho- 
riocarcinoma cells secrete EPO [11]. 

The finding of EPO and EPO-R expression by the pla- 
centa adds to the growing list of hematopoietic growth fac- 
tors and their receptors expressed by this organ. Various 
populations of placental trophoblast, villous core, and uter- 
ine decidual cells have been found to express colony-stim- 
ulating factor (CSF)-l and its receptor, c-fins product [44- 
48], GM-CSF and GM-CSF receptor [49, 50], granulocyte- 
CSF and granulocyte-CSF receptor [51-53], and stem cell 
factor and its receptor, c-kit product [54], frequently in a 
gestational age-specific fashion. These hematopoietic 
growth factors are likely to exert paracrine and/or autocrine 
actions in the human placenta. For example, using cultured 
human trophoblast cells from first-trimester placenta, CSF- 
1 stimulated syncytiotrophoblast formation and concomi- 
tant production of hCG and human placental lactogen [55]. 
Similarly, spontaneous syncytial formation and production 
of these hormones by trophoblast cells in culture were pre- 
vented by addition of antibody directed against the CSF-1 
receptor, ofins product [55]. GM-CSF also possesses these 
differentiating effects on cultured term placental tropho- 
blast cells [56]. It will be interesting in future studies to 
determine whether endogenousry derived EPO has a similar 
role in promoting placental cell growth or differentiation. 
In this regard, the placentas associated with EPO-/- and 
EPO-R-/- knockout mice were reported to be of normal 
size at gestational Days 13-15 when the embryos died in 
utero apparently of severe anemia [57]. However, it was 
not reported whether the morphology and distribution of 
the various populations of trophoblast cells were normal. 
An autocrine role for EPO, whereby the hormone contrib- 
utes to the survival, proliferation, and differentiation of tro- 
phoblast cells, may be analogous to its role in early colony- 
forming [8] and erythroleukemic cells [58], as well as hu- 
man hepatocellular carcinoma cells [59]. 

Placental trophoblast and other cells expressed both EPO 
and EPO-R with the only apparent exception being the fe- 
toplacental vascular endothelium, which expressed the re- 
ceptor, but not the ligand, as assessed by irnmunocytochem- 
istry ([11,20]; present study). In addition to putative au- 
tocrine roles, another potential action of trophoblast-derived 
EPO is that it might interact with EPO-R on endothelium 
to stimulate fetoplacental and uterine vascular development, 
since EPO has a capacity to promote angiogenesis [19, 60]. 
Although the expression of EPO has been recently de- 
scribed in the endodermal cells of the mouse vascular yolk 
sac [18], possibly trophoblast-derived EPO contributes to 
primitive erythropoiesis and vasculogenesis in the human 
yolk sac or promotes the differentiation of hemangioblasts 
identified in the villous core [61]. Further, results of elegant 
studies by Dancis and colleagues [62] have suggested that 
perhaps the trophoblast cell has the capability to respond 
to erythroid differentiation signals, since reconstmition of 
irradiated isogeneic mice with placental cells leads to the 
formation of hematopoietic colonies in the spleen. Clearly, 
this new and nonclassical site of EPO and EPO-R expres- 
sion on cells composing the human placenta opens up the 
possibility of physiological roles for this hormone in ad- 
dition to erythropoiesis. 
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ABSTRACT TOP 



We have previously shown the presence of erythropoietin (Epo) within the spinal fluid of normal preterm and term 
Infants, and the presence of Epo receptor (Epo-R) In the spinal cords of human fetuses. It ta not known, however 

1 ) whether cells within the fetal central nervous systemfCNS) express Epo; 2) If so, whether this expression 
changes with development; 3) which cells within the CNS express Epo-R4) whether Epo-R expression within the 
CNS changes with development; and 5) whether Epo-R within the fetal CNS are functional. Expression of mRNA 
for Epo and Epo-R was sought by reverse transcriptJon-PCR In mixed primary cultures of fetal spinal cords as weO 
as NT2 and hNT cells, human cell Ones of neuronal precursors and mature neurons, respectively. Epo was 
measured by EL1SA In spent media from primary cell culture, and Immunohlstochemlstry was used to Identify 
Epo-R on neurons and glia in ceil culture, and In brain sections. Developmental changes in Epo and Epo-R 
expression were sought m spinal cords and brains from fetuses of 7-24 wk p osteon caption by semiquantitative 
PCR. To assess Epo-R function. NT2 cells were exposed to cendatons which stimulate programmed ceU death, 
and rescue from apoptosls by the addition of recombinant Epo was evaluated by nuclear matrix protein EUSA. 
ceS counts, and by Ktenow labefing of DMA fragments. Epo and Epo-R mRNA were expressed In mixed primary 
cultures of neural tissues and NT2 and hNT cells. Epo was detected by EUSA In media removed from mixed cefl 
cultures, and Immunohlstochemlcal staining confirmed the presence of Epo-R on neurons and their supporting 
cells. Semiquantitative PCR revealed no significant change in expression of either Epo or Epo-R in spinal cords 
between 7 and 16 wk of gestation, with Increased expression of Epo and Epo-R In brains from 8 to 24 wk of 
gestation. Epo mRNA expression from neurons doubled under conditions of hypoxia. Recombinant Epo 
decreased apoptotJc cell death of neurons under conditions of hypoxia. Protein and mRNA for Epo and its 
receptor are expressed by human neurons and gBal celts In spinal cord and brain during fetal development. These 
receptors appear to have a neuroprotective effect in conditions of hypoxia. 



Abbreviations: ARA-C, cytosine 6-D-arabino furanoside;CNS. central nervous system; DM EM, Detbecco's 
modified Eagle's medium; Epo, erythropoietin; Epo-R, erythropoietin receptor. rEpo, recombinant erythropoietin: 
FBS, fetal bovine serum; OFAP, glal fibrillary acidic protein antibody; MAP, microtobuJe-associated protein; RT, 

reverse transcription 
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Until recently, the action of Epo was considered to be restricted to erythropoiesis (1*3), but there is now evidence that certain nonerylhroid cells express Epo-R which respond to rEpo in vitro and In vivo. 
These receptors have been demonstrated on murine cell lines of neural origin (4). in cultured murine embryonic neurons. In the developing brain and spinal cord of rodents(5-7). and in mid-trimester humar 
fetal spinal cords pj). Regulated Epo synthesis has also been demonstrated In rodent celts of CNS origin (9, 10), and we have shown that significant concentrations of Epo are delectable in the spinal fluid c 

normal preterm and term human neonates, although its source Is not clear uu It is not known, however: 1) which cells within the human CNS express Epo, 2) whether this expression changes with 
development. 3) which cells within the CNS express Epo-R. 4) whether Epo-R expression within the CNS changes with development, and 5) whether these Epo-R are functional, and If so, what this functio 

might be. 



One mechanism by which Epo promotes erythropoiesis is by preventing the programmed cell death of erythrocyte precursors (CFU-E) via up-regulaiion of the bd-2 and bd-x^ pathways (12). We proposec 
that Epo might have similar mechanisms of action in the CNS. by decreasing apoptosls of neurons during normal brain development, or by exerting a neuroprotective effect under adverse conditions such 

as hypoxia. 

We hypothesized that neurons and glial ceils express Epo and Epo-R. that expression of this cytokine and its receptor change with advancing gestational age. and that Epo binding to Epo-R in neurons 

provides protection from programmed cell death. A series of studies were designed to test these hypotheses. 



METHODS top 

iHZ m ?rJ? t * i fP°f im * ns - SP 1 " 8 ! cords, brainstems, and brains were collected from fetuses of 5-9 wk of gestation for primary ceil culture. Tissues were transported in odd DMEM (GIBCO, Gailhersburg 
MD). Additional spinal cords end brains (ranging from 7 to 24 wk of gestation) were identified, washed in sterile PBS, and immediately preserved In liquid nitrogen for later RNA extraction. Only fetuses tha 
were normal by dtrasound I examination and underwent elective pregnancy termination were studied. Gestational age was determined by fetal foot and long bone lengthy, 14). The members of our study 
group had no contact with the mothers and made no attempt to influence decisions about pregnancy termination. The studies were approved by the University of Florida Institutional Review Board. 

'k l !^!? , ?! i 9L?y 1 C ^, n \ .^i! 13 ' ^ ' stem ' bra5n ' ™wr*Q gestational age from 5 to 9 wk, were placed In separate 100™ Petri dishes containing 30 mL of isotonic salt solution (125 mM 
Nad. 5 mM KCI. 5 mM Na 2 HP0 4 . 1.2 mM KH 2 P0 4 . 6 mM glucose, and 60 mM sucrose), containing 100 U of penicillin, 100 ug of streptomycin, and 0.25 ug of Fungizone. pH 7.2. Membranes end blood 



tossibIs were stripped from the tissue surfaces, and the tissues washed twice m Isotonic salt solution, before chopping into pieces of approximately 2 mm 3 . Tissues were then suspended in 0 25% (wtfvoi) 
, sohjUon ^ h 8 3rc afcaWng water bath for 15 min. Sedtmented tissue pieces and dissociated celts were collected and mixed with an equal volume of OMEM containing 20° 
FBS (Sigma Ctemtoal Co., SL Louis. MO). Dissociated cells were pooled and treated with 160 ug of DNAase I for 5 min at 37*C, then centrtfuged at 800 * g for 10 mln. and washed with 40 mL of OMEM 
containing 10% FBS. Cote were counted by temocytorrieter and plated onto poly-L-rysine-coated dishes. Three days after plating cells, ihe medium was removed and replaced with OMEM containing 1 o* 
FBS and 1% cytosine ARA-C. After 2 d the medium was changed to DMEM containing 10% FBS (15). Cultures medium was changed every 3 d using fresh DMEM containing 10% FBS, until approximately 
3-4 wk of age. ForgHalenrlched cultures, the same procedure as above was used, except the ceils were Incubated with DMEM containing 1 0% FBS without 1% ARA-C. 



HT2 and hNt ceil culture. NT2 cells are a human committed neuronal precursor ceil line derived from teratocarcinoma (Stratagene. La JoOa, CA), which can be induced by retinoic add to differentiate in 
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vitro Into postmitotic CNS neurons (hNT cells) (16, 17). In the course of the differentiation process the NT2 ceBs lose neuroepithelial ceO markers and gain markers specific for mature neurons. We carried 01 
experiments on NT2 ceBs and hNT cells (Stratagene). and also on hNT colls which we induced in our laboratory following the prescribed protocol. In brief, cells are incubated with 10 uM retinoic acid in 
DMEM for 5 wk. then Incubated with medium containing mitotic inhibitors (10 pM 5-fluoro-2' -deoxyurkJlne, 10 pM uridine, 1 uM ARA-C) for 10 d, at which time they are re plated using a neuron knock off 

technique onto plates prepared by poJy-l-ryslne and Matriget® coating. 



tmmunohistochvmistry. Mixed primary cultures were fixed for 1 h in 4% paraformaldehyde, then rinsed twice, for 10 mln, with PBS. Two additional 1 0-min rinses with 1 % horse serum. PBS, and 0.4% 
Triton X (pH 7.2) followed. Cultures were then blocked with 1:20 horse serum to PBS containing 0.4% Triton X. The primary antibody was then Incubated with the cells for 2 d at 4*C. Antibodies used 
included: monodonal anU-MAP2 (Zymed Laboratories, San Francisco. CA) diluted 1:1500 (19 dishes stained )U£). monoclonal GFAP (Sigma Chemical Co.. St. Louis. Mo) d fluted 1:800 (17 dishes stained' 
U9), monoclonal von Wlltebrand factor (Novocastre Laboratories, Newcastle upon Tyne NE2 4AA. UK) diluted 1 :500 (10 dishes stained) (20), and potydonal antibody to the Epo-R (Santa Cruz 
Biotechnology: specificity of antibody confirmed by personal communication, Dr. Renee White), diluted 1:100 (six dishes stained). Biotinyiated horse anti-mouse or anti-rabbit antibodies were used as a 
secondary antibodies, as appropriate to each respective antibody, diluted 1 :1O0 for 60 min. Four 10-mtn rinses with 1% horse serum, PBS, and 0.4% Triton followed. Vectastain ABC reagent (Vector ABC 

Immunokit) was applied, rinsed with PBS, and incubated in 0.05 M Trie for 5 min. Diaminobenzidina (Sigma Chemical Co.) was used as the chromogen. To control for the presence of endogenous 
peroxidase, sections were incubated in the absence of specific antibody. Human pulmonary artery endothelial ceils (a gift from Or. Gary Visner. University of Florida), were used as a positive control for vo 
wmebrand antibody. Absence of the primary antibody was used as a negative control for each antibody, and in addition, for Epo-R staining, a specific blocking peptide was used (Santa Cruz). AD negative 

controls showed absence of staining. 



Epo assay. Epo concentrations in the conditioned media samples were assayed using the Quantlkine™ rVO™ human Epo immunoassay ELISA (R&D Systems, Minneapolis, MN). Afiquots (100 uL) of 
conditioned medium which had been concentrated 10-fold (Centricon, inc. Amicon, Beveriy, MA) were assayed in duplicate (n = 6). Variability was less than 2% between duplicate samples. Sensitivity of 
this essay has been determined at 0.6 mU/mL. This assay has been tested for cross-reactivity with other members of its cytokine fernBy, end the specificity of the assay is greater than 98%. 



Preparation of total RNA. Total RNA was extracted from the washed tissues using either the guankJlnhjm thiocyanate methods 1). or using the RNeasy etution kit. a method of RNA extraction based on th 
selective binding of RNA to a silica membrane (Qlagan, Chatsworth, CA) (22). Total RNA was treated with RNese-free DNAse I (GIBCO) before further experimentation. 



RT of RNA and amplification ofcDNA. RT of RNA end amplification of cDNA was performed using s DNA thermal cycler (Perkin-Elmer Corp., Foster City, CA). Total RNA (2.0 ug) was combined with 2.< 
uM oligo(dT) primers (GIBCO). heated to 70'C for 10 mln, then placed on ice. The mixture was then combined with 250 uM dNTP (GIBCO), 0.01 M DTT. 50 mM Tris, pH 8.3. 75 mM KC1, and 3 mM MgCt; 
The mixture was incubated at 42'C for 2 min; 2 pi- of Superscript It (GIBCO) were added, and then the mixture was incubated for an additional 50 min. The reaction was inactivated by heating to 70*C for 

15 min. Amplification cycles were carried out under the following conditions: 10 mM Tris, pH 8.3, 50 mM KCI, 1.5 mM MgCi 2 , 2.0 mM dNTP, 0.2 uM upstream and downstream primers, 5% reverse 
transcriptase mix, 0.1 U/ul Ampil Taq 94'C for 1 mln, 56'C for 1 min, 72*C for 2 min for 30 cycles, followed by 10-rran elongation at 72'C. Primer pairs used to identify Epo, Epo-R, and B-actin are shown I 

Tabio 1 (23. 24). 



TaWe 1. PC R primers 



Confirmation of Epo and Epo-R PCR products To confirm that the 197 -bp RT-PCR product was Indeed Epo-R. the PCR product derived from mRNA from primary neuronal culture was sequenced. Th* 
Taq DyeOeoxy Terminator protocol developed by Applied Biosystems (Perkin-Elmer Corp.) was used, and labeled extension products were analyzed on en Applied Biosystems model 373 DNA sequence! 

The 2 34 -bp product for Epo was likewise confirmed by direct sequencing. 



Semiquantitative PCR. Semiquantitative PCR was performed relating synthesis of Epo and Epo-R cDNA to the internal stendardsp-actin and 18 S RNA, and to an external standard cyclophilin 
Competicon™ (Ambion, Inc. Austin, TX). The PCR reaction was carried out In the presence of 2.5 pCl/mL of 3000 Ci/mmol a-{ 32 P]dCTP. Initial experiments to determine the optimal number of cycles 
required to achieve amplification in the linear range demonstrated that 30 cycles would be required (data not shown). After completion of the PCR. 30 pL of the reaction were separated by electrophoresis 
through a 3% agarose gel in 0.5* Tris-borate-EDTA buffer, and size was standardized with 100-bp DNA markers (GIBCO). Gels were photographed. The amplified products of appropriate size were then 
cut out of the gel. transferred to scintillation vials containing 5 mL of Cytoscint. and 32 P activity was counted. The counts for Epo and Epo-R were related to the counts for B-actin, 1 8 S RNA, or cydophiUn 

which were co-amplified. 



Neuroprotection assessment. NT2 or hNT cells were grown in OptiMEM medium (GIBCO) containing 10% FBS, 2 mM L-gtutamine. 100 U of penicBUn, and 100 pg of streptomycin. In separate 
experiments, rEpo was added to quadruplicate 100-mm dishes exposed to hypoxia atone (1% oxygen, 5% carbon dioxide. 94% nitrogen) for 24, 36, or 48 h followed by 24 h of normoxlc conditions. rEpo 
doses included 0, 0.1, 0.5, 1 , 5. or 10 U/mL A neutralizing polyclonal rabbit anti-human Epo antibody (Genzyme) was added at 1:1000 dilution to cell culture dishes containing 5 U/mL rEpo. The release o 
nuclear matrix protein into the media by dying cells was sought by ELISA (Calbiochem. Cambridge. MA) (25). The protein composition of the nuclear matrix determines the basic morphologic pattern of the 
nucleus, and as the nucleus becomes pyknotlc during apoptosis. these proteins are released from the nucleus In soluble form. The amount of protein released is a function of the number of dead cells. In 
separate set of triplicate experiments done comparing cells cultured in the presence or absence of 5 U/mL Epo. cell viabflity was assessed by counting the number of live and dead cells after 36 h of 
hypoxia, and also after the 24 h of recovery. Cell viability was determined by trypan blue staining. The presence of apoptotic cells death was ascertained by a DNA fragmentation kit (Calbiochem, 
Cambridge. MA). In this assay, cells were first permeabilized with proteinase K for 5 min. Endogenous peroxide activity was quenched with hydrogen peroxide. Klenow was then bound to exposed 3* -Oh 
ends of cleaved DNA fragments, end blotin-iabeled nucleotides were incorporated in a template-dependent manner. These nucleotides were detected using streptavidtn-horse radish peroxide conjugate. 
Diaminobenzidine was used as a chromogen. with methyl green as a oounterstatn. Incubation of cells with Dnase I was used to generate the positive controls, and water added in'place of Klenow enzyme 
provided the negative controls. At (he conclusion of triplicate experiments, the medium was removed and saved, the cell layer trypsinized, and the cells In the medium were combined with the trypsinized 
cells, an aliquot counted to determine ceil density, and an estimated 3.25 * to 5 cells were cytospun onto a slide and stained. Ten fields were counted per slide. 



RESULTS top 

The first set of experiments were performed to determine whether the Epo-R mRNA detected m the fetal neuronal tissue was the result of blood contamination or meningeal endothefial cells. To exclude 
these posslWBUes, primary cultures of neuron-enriched andgtial-enriched cells were grown for investigation. These cultures were characterized by tmmunohistochemistry and light microscopy after three 
weeks of culture. FigroJA shows representative cultures exposed to 1% ARA-C to inhibit the growth of glial cells. These neuronenriched cultures are shown stained with the monoclonal MAP2 antibody, 
which reacts with a specific 280-kD cytoskeletal protein, the somatodendritic MAP of neurons. This is expressed to a lesser extent In astrocytes. Although these cultures were greatly enriched for neurons 
some glial cells remained.Figur* 1B illustrates a typical glial-enriched culture stained with GFAP. which stains intermediate filaments of characteristic 10-mm diameter that are specific to astrocytes. 



Figure 1 . (A) A typical mixed cell culture identified as neuron-enriched. These cells have been stained with the monoclonal anti-MAP2 entibody. 
Magnification, *200. (B) A typical glial-enriched culture. This has been stained with the monoclonal anti-GFAP, which stains intermediate filaments 
specific to astrocytes. Magnification, "200. These mixed ceil cultures contain other nondifferentiated neurons end microglia. 




RT-PCR was performed on total RNA extracted from cultures that were neuron-enriched, or glial-enriched to ascertain whether these ceQs expressed mRNA for Epo-R and Epo. Human neuronal precursot 
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(NT2 cells), and (heir mature, differentiated counterparts (hNT ceDs) were also Investigated, as these provided a pure growth of neuronal ceils without the gSai supporting ceils, or pcss&la contamination 
with endothelial ceDs. An ceDs tested expressed both Epo (Fig. 2A) and Epo-R(Fig. 2B) mRNA. Fig. 2C shows theJJ-actJn control PCR reactions. Negative controls, done using either water or RNA, which hac 

not been reverse transcribed, were negative. 



f jj4jlM 



Figure 2. RT-PCR products using primers specific to human Epo(A), Epo-R (8), and B-actin (C) are displayed for mixed neuronal culture (lanes 2 
and 3), for mixed glial-enriched cultures (lanes 4 and 5). and for NT2 and hNT ceils (lanes 6 and 7). Lanes 1 and 8 contain 2 ug of a DMA ladder 
marking 100-bp increments. 




A rabbit polyclonal antibody specific to amino acids 489-608 of human Epo-R was used to identify ceDs derived from the fetal CNS that express Epo-R on their surfaces. Neurons (Fi 5l 3A) and astrocytes^ 
3B) stained positively for Epo-R-FJaurOC shows a negative control for Epo-R. incubated in the absence of primary antibody. To test endothelial cad contamination as a source of Epo-R ^ ju ceits were 
stained with von Wiilebrand factor fn?. zo\ . None of the neuron or glialenriched cultures stained positive for von Willebrand factor, although human endothelial cells used ss positive controls were positive 



(data not shown). Ail ceils stained in the absence of primary antibody were negative. 



Figure 3. Polyclonal anti-Epo-R antibody 1:500 was used to identify cells expressing Epo-R. Demonstration of neuronal staining(A) and 
lighter staining of glial ceDs (8). Original magnification. "160. (C) A neuron-enriched culture to which no primary antibody was added 
(negative control). Original magnification.»400. (D) Lack of ceil staining after incubation of a glial-enriched culture with von Wiilebrand 
' \ Original magnification, *200. Bar ■ 9.2 urn for C. 20 urn for A, B, andD. 




■r 



To identify which cell types show Immunoreactivlty to Epo-R In vivo, brain sections taken from e brain at 20 wk of gestation and from an adult brain were stained. Figure 4 demonstrates thaun vivo, certain 
types of neurons (Cajal Retdus neuronsfis) shown in ra-j*). astrocytesffjfljiB), and choroid plexus (Eia^cj ail stained positively for Epo-R- FfcwceJB shows a slice of brain adjacent to that shown in Rg. 
4G, after incubation with the Epo-R -blocking peptide (negative control). Figure 4. e and F . shows human fetal liver at 22 wk of gestation, as a positive and negative control (with the Epo-R-blccking peptide), 
respectively. In adult brain, Epo-R staining was identified predominantly in astrocytes, not in neurons (data not shown). 



'^ lS * -Hi:*;* . 




Figure 4. These photomicrographs show specific cell types within the brain that stain positively with anti-Epo-R antibody. (A) An 
example of Cajal Retzius neurons (arrows) in the subpial granular layer of the developing 20-wk brain. The underlying cortical plate is 
identified asCORT. Original magnification. x400. (B) Specific staining of astrocytes within the deep white matter of an adult brain. 
Original magnification. *400. An arrow identifies one astrocyte.(C) The positive staining of choroid plexus (CP) from an adult brain. 
Original magnification. »200. (O) A negative control using the specific blocking peptide for the Epo-R antibody. Original magnification, 
*160. (£) A positive control, human fetal liver from 22 wk of gestation (original magnification, "200). (F) A negative control, human fetal 
liver from 22 wk of gestation, pretreated with blocking peptide. Original magnification. *200. 



Epo concentrations measured In the supernatant of neuronenriched and glial-enriched certs ranged from below the timet of detection (0.6 mU/ml) to 2 mll/mL. Unconditioned medium which had been 
similarly concentrated did not contain measurable Epo concentrations, ruling out cross-reactivity with the endogenous Epo in the FBS. Semiquantitative PCR of triplicate NT2 cultures showed an increase I 
Epo mRNA after exposure to hypoxia (mean EpcVactin value in normoxic conditions 0.35 ± 0.05; mean ± SEM. whereas values obtained for ceDs maintained In hypoxia overnight were 0.74 ± 0.06 j> = 000 

by a t test). 



To identify changes in Epo and Epo-R mRNA expression during fetal 

PCR showed that Epo and Epo-R were 



spinal cords from fetuses aged 7-16 wk of gestation and brains from fetuses aged 8-24 wk of gestation were studied. Rl 
In aP samples <Fig..$ i AAtt<UM-B-Actin controls for each RNA sample are shown in Fig., sc. 



i i n n t nun hum 




Figure 5. RT-PCR products using primers specific to human Epo(A), Epo-R (S). and B-actin (C) are displayed for spinal cords and brains 
ranging in gestational age from 7 to 24 wk. Lane 1 contains 2 ug of DNA ladder marking 100-bp increments. Lanes 2 through 10 contain 
cDNA products from spinal cords of 7, 8, 9, 10, 11 , 12. 13. 15. and 16 wk of gestation, respectively. Lanes 11 through 14 contain cDNA 
products from brains of 17, 21 , 23, and 24 wk of gestation. 



PAttta 



Semiquantitative PCR using internal and external controls revealed no significant change in spinal cord expression of Epo-R between 7 and 16 wk of gestation {Fig. 6A); however, statistical analysis using i 
Spearman's rank correlation showed an Increase (p » 0.007,rs - 0.656) in expression of brain Epo-R between 8 and 24 wk of gestation. Similarly, no significant changes In spinal cord Epo mRNA 
expression were noted {Fig. SB); however, Ike Epo-R, Increased Epo expression was noted in brains between 8 and 24 wk (p= 0.008, rs = 0.838 by Spearman's rank correlation test). 
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Figure 6. (A) Demonstration of relative Epo-R expression (y axis) as a function of gestational age in weeksfx axis), whereas (B) shows similar results tor 

..^(TSj \ [ Epo expression. Spinal cord samples are shown by open circles, whereas brain samples are denoted by tmed diamonds. Data from three 

•j j if* semiquantitative PCR runs were combined. Results are shown ± SEM. 

V r-1 
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To assess whether Epo might function by affecting the process of apoptosis, we cultured NT2 cells and hNT cells (in separate experiments) in 1% oxygen for 24, 36, or 48 h followed by a 24-h recovery 

period, conditions which we have found induce apoptotic cell death in a proportion of the cells (data not shown). Increasing concentrations of rEpo were added to quadruplicate cultures. After 24 h of 
hypoxia, a minority of cells underwent apoptosis. After 38 and 48 h, the number of affected ceDs increased. In a dose-dependent manner, rEpo decreased the effect of hypoxia on both NT2 cells and hNT 
ceDs exposed to hypoxia for 24, 36, or 48 h. After 24 h of hypoxia, 10 U/ml rEpo reduced NMP release by mature neurons by 30%. After 36 h of hypoxia, followed by 24 h of normoxia, NMP release by NT 
cells incubated with 0, 0.5. 5. or 10 U/mL rEpo was 102.00 ± 7.76, 81 .44 ± 19.72, 66.22 ± 4.90, and 57.59 1 7.49, respectively, and this effect was reversed by adding a 1:1000 dilution of Epo-neutralizmg 
antibody to cultures containing 5 U/mL rEpo. NMP release by ceils grown to 70% density In normoxlc conditions are compared with these data and are shown in Figure 7 



i : 



Figure 7. Nuclear matrix protein is plotted in units/mL on they axis, whereas culture conditions are denoted on the x axis. Condition 1 is 
cells grown in normoxic conditions as a baseline control. Conditions 2 through 5 are: hypoxia alone (36 h of hypoxia followed by 24 h of 
normoxia). hypoxia plus 0.5 U rEpo/mL. hypoxia plus 5.0 U rEpo/mL, and hypoxia plus 10.0 U rt=po/mL. Condition 6 is hypoxia plus 5.0 
U/mL rEpo plus 1 : 1.000 dilution of neutralizing anti-Epo antibody. Results are shown as mean ± SEM. *p < 0.01. 



To establish whether Epo was affecting early cell death (during the period of hypoxia) versus late cell death (during the 24 h of recovery). In separate experiments, we counted trypan blue-stained cells in 
the medium, and in the trypsinized cell layer, after the 36 h of hypoxia, and again after the 24-h recovery period. We found that, in both the control and rEpo-treated cells, about one-third of the cell death 
occurred during the hypoxia exposure(24-36.1% for control cells versus 12.5-31% in rEpo-treated,p » 0.31). thus rEpo did not change the timing of cell death during the hypoxia. In separate experiments, 
we counted viable cells (rEpo-treated versus control) at the end of the 24-h normoxia recovery period. Cell counts from these experiments showed the rEpo-treated cells had approximately double the 
number of viable cells, as did the controls (3.13* 10 5 ± 0.28 * 10 5 versus 1 .5* 10* ± 0.41 « 10 5 . respectively, fx 0.05), despite equal numbers of cells having been plated at the beginning of the 

experiment. 



To detect DNA fragmentation, which typifies apoptosis. we labeled cytospun control and Epo-exposed ceDs with Ktenow and counted 10 fields per slide. Under conditions of hypoxia followed by normoxia I 
the absence of added rEpo, 21.5% cells (161/750 cells counted) had no evidence of DNA fragmentation, whereas when 5 U/mL rEpo was added to the cultures, 50.5% of cells (361/715 cells counted) hat 

no DNA fragmentation. 



DISCUSSION top 

The action of Epo on erythroid progenitor cells has been the subject of intense investigation (1, 29-32). In contrast, the action of Epo on nonhematopoietic cells is only beginning. It is known that Epo-R axis 
on a wide variety of nonerythroid ceD types including endothelial cells, cardiomyocytes, mesangial ceDs. smooth muscle ceBs. placental tissues, and cells of neuronal origin{4. e, 10. 2*. 33-36). Wald ef a/. (33 
recently reported that addition of rEpo to cardiomyocytes results in a autogenic and chemotactlc response (like endothelial cells), and that this response is most likely mediated by Na + -K*-ATPase activity. 

Cariini ef e/.(37) reported that Incubation of endothelial cells with rEpo results in an increase in endothelin release. 



Although the physiologic role of Epo in the CNS is still unclear, there is increasing evidence that the Epo-Rs expressed in neural tissues are functional. Earty data showed that addition of rEpo to neural eel 

resulted In an Increase In monoamine concentrations, and an increase in intracellular calcium (4,j(L38). Circumstantial evidence that Epo and Epo-R might serve a role in neurogenesis is provided by 
studies demonstrating the presence of this ligand-receptor pair in the embryonic and fetal murine brain, with evidence of developmental regulations^. Further support for developmental regulation of Ep< 

within the CNS was provided in our previous study in which Epo concentrations were measured in spinal fluids obtained from patients ranging In age from 24 wk of gestation to adulthood. Significant 
concentrations (up to 32 mU/mL) were found in normal premature and term infants untreated with rEpo. but these decreased by 5 mo of age to less than 2 mU/mLn 1) Epo has been shown to increase in 
vivo survival of lesloned rat cholinergic septal neurons produced by fimbria-fornix transections, and to augment choline acetyl transferase activity in cultured neurons (38, 39). There is also data to suggest 
that Epo might function as a neurotropic factor, influencing neuronal development, differentiation, maintenance, and regenerationtM, 40} . Most recently, Morishita ef a/. (7) has shown that, at concentrations 
present in the cerebrospinal fluid of normal infants. rEpo prevented gkitamatennduced neuronal death If ceDs were preincubated for a minimum of 8 h. This suggests that at physiologically relevant 
concentrations Epo might be an important mechanism for neural preservation In adverse circumstances such as hypoxia. 



Our first goal in the present study was to ascertain whether cells within the human fetal CNS express Epo. We observed that primary mixed cell cultures derived from first trimester spinal cords, enriched ft 
either neurons or glial cells, synthesize Epo mRNA and protein. These cultures contained a mixture of astrocytes, microglia, neurons, undifferentiated ceOs, and possibly endothelial cells, thus it could not 

be conclusively stated which ceD types were responsible for the Epo production. Although it is known that endothelial ceDs in the brain express Epo-R (2n. It Is unlikely that these cells contributed 
significantly to the Epo-R expression in our cultures because immunohistochemical staining with von Willebrand factor did not reveal any endothelial ceSs. Next we observed expression of both Epo and 
Epo-R in cultures of pteuripotent neuronal precursors (NT2 ceDs) and in terminally differentiated human neurons (hNT ceDs). neither of which contained any endothelial ceD contamination. Our primary eel! 
cultures were derived from fetuses of 5-9 wk of gestation, and we did not exhaustively rule out the presence of endothelial ceOs In these cultures. Thus, we could not definitively state, based on those 
studies, that expression of Epo and Epo-R was from neurons or glial cells, nor that this reflected in vivo expression In later gestation. We therefore performed additional studies, using an 
immunohistochemical approach to localize Epo-R to specific cell types within the brain. In addition to the expected endothelial ceO staining{27). we observed Epo-R staining of early migrating neurons (Call 
Reudus neurons in the marginal zone of a 20-wk brain)(28), of astrocytes, and of the choroid plexus. In adult brain, Epo-R staining was located predominantly in astrocytes, not in neurons. Thus at drfferen 
stages of development Epo-R are present in astrocytes and neurons in human brain. In mature mouse brain, the main Epo binding sites have been localized to white matter, including the capsula Interna 
corpus callosum, hippocampus, and to a lessor degree, the brainstem, mesencephalon, and lateral posterior thalamic nudei (41). The localization of Epo and Epo-R within human brain and changes with' 

development have not been fully delineated, and are beyond the scope of the present study. 



Our next goal was to determine whether expression of Epo mRNA changed during fetal development. In murine studies, the synthesis of Epo and Epo-R in brain were limited to fetal Gfe and decreased wit 
fetal maturity*. 6). We found, by semiquantitative PCR. that expression of Epo and Epo-R mRNA did not change between 7 and 16 wk of gestation in the spinal cord, but both increased between 8 and 24 
wk gestation In brain. One limitation of that study is, due to the difficulty of obtaining brain specimens In earty gestation fetuses, we have no data points on either Epo or Epo-R expression by the fetal braii 
between 1 0 and 1 6 wk of gestation. Another caveat is that expression of this cytokine-receptor pair Is likely to be specific to the precise anatomic location from which the RNA was derived within the brain 
and this was not controlled for in our study, in addition, although statistically significant, it is unclear whether a doubling of Epo or Epo-R expression, detected by PCR, Is physiologically significant. 



The last goal of this study was to begin to elucidate the function of Epo-R within the developing human CNS. Murine and rodent neuronal tissues respond to hypoxic stimufi by increasing expression of Ept 
In vitro andfo vivo (9. 41 }. We exposed mixed primary eel cultures to hypoxia and found an increase in Epo mRNA expression. We previously described that the corwamtrations of Epo in the cerebrospinal 
fluid of preterm infants (including those treated with rEpo) ranged from undetectable to 51 mU/mL. The Epo concentrations we measured in conditioned media from mixed cell cultures were generally mud 
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lower than (his. ranging from below the limit of detection to 2 mU/mL. It is possible that cells most responsible for contributing to cerebrospinal fluid Epo in babies 24 wk to term were not well represented It 
these cultures which were derived from CNS tissues of fetuses 5-9 wk of gestation, or, that the culture conditions are not representative of In vtvo conditions. We tested whether or not Epo might have a 
neuroprotective effect m hypoxic conditions and found that it does. The rEpo concentrations used in these experiments were supra physiologic, however, and these experiments must be repeated with 
concentrations more representative of those found In cerebrospinal fluid, perhaps with preincubation, as was published by Morishita ot a/.(Q. Morishita found that when neurons were pretncubated with 
rEpo. the effects of glutamata toxicity were counteracted. This suggests that the neuroprotection requires protein synthesis. Up-regulatton of bd-2 is an important mechanism by which neurons can be 
rescued from apoptotic death due to many stimufi We speculate that Epo may rescue neurons from apoptosis via an increase in bd-2 and bcl-x^ a mechanism by which Epo decreases programme 

cell death in CFU-E(12). 



It is clear that Epo and its receptor have a more widespread physiologic role than was once suspected. We conclude that both Epo and Epo-R are present within the CNS of developing humans; speaficafl 
that both are present in glial cells and neurons early In development Further studies ere needed to define the change in the pattern of expression of this receptor end its Bgand as development proceeds. 
The CNS Epo-R appears to be functional, and may serve a role in neuroprotection by Inhibiting apoptotic ceD death under hypoxic conditions. The physiologic importance of these issues in human fetal 

development require further studies. 
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Abstract 



Objective: Erythropoietin receptors (Epo-R) have been demonstrated on several 
nonhematopoietic cell types in animal models and in cell culture. Our objective was to 
determine the tissue distribution and cellular specificity of erythropoietin (Epo) and its receptor 
in the developing human fetus. Study design: The expression of Epo and Epo-R mRNA was 
ascertained by RT-PCR for organs ranging in maturity from 5 to 24 weeks postconception. The 
cellular location of protein imraunoreactivity was then determined using specific antiEpo and 
antiEpo-R antibodies. Antibody specificity was established by Western analysis. Results: 
mRNA for Epo and Epo-R was found in all organs in the first two trimesters. Immuno- 
localization of Epo was limited to the liver parenchymal cells, kidney interstitial cells and 
proximal tubules, neural retina of the eye, and adrenal cortex. As development progressed, 
imraunoreactivity in the kidney became more prominent In contrast, immunoreactivity for- 
Epo-R was widespread throughout the body, in cell types including endothelial cells, 
myocardiocytes. macrophages, retinal cells, cells of the adrenal cortex and meduDa, as well as 
in small bowel, spleen, liver, kidney, and lung. Conclusions: The distribution of Epo and its 
receptor is more widespread in the developing human than was initially postulated. Epo-R is 
expressed on many cell types during early fetal development, leading us to speculate that Epo 
acts in concert with somatic growth and development factors during this period. Further 
investigation is required to understand the nonhematopoietic role of Epo during human 
development © 1998 Elsevier Science Ireland Ltd. All rights reserved. 

Keywords: Erythropoietin; Erythropoietin receptor, Human fetal development 
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1. Introduction 



n^thmnnietin fEoo) is a major determinant of tissue oxygenation, performing this 
fuS^S Til^ol of red blood call production by interaction with its 
Scco^r^tor^aonnalities of Epo or Epo receptor (Epc-R) regulanon or 
rS rSsease states such as polycythemia vera [1] or anenua of 
S^rv[2], and absence of Epo or its receptor leads to fetal death around 
^dlyB in mouse "knock out" models [3]. In addition to the-rpx^-e on 
of hemopoietic lineage, Epo-R have been M lona ^n*« of 
*u—iA Jai tvr^q inchidinff- liver stromal cells [4], endothelial cells 15-7 J. 

^^origin [11-151. but their specific functions), in these nonhematopoieUc sites 
SLTy^Ltooi In the developing mouse embryo, the distribution of Epo and 
m JS? ■» widespread, suggesting activity as a somatic growth 

5. tave previously shown that Epo and its receptor are present m the developing 
human^entral nervous system (CNS). and that Epo is present m * "rt^ *g£ 
fluWCCSF)of normal preterm and term infants [15.17,18]. We believe this CNS 
Epo^Rtote functional, because in cell culture experiments we found Epo to be 
neuroprotective under conditions of hypoxia [15]. 

Baid on animal studies, cell culture experiments, and our reports of Epo and 
Er^Thi the fetal CNS, we hypothesized that the distribution of Epo-R and its hgand, 
lot m S Sted to me hemopoietic organs and CNS of the developing human 
Settle specific objectives of this study were to determine the tissues in which 
SfAteC and Epo-R are expressed in the first and second trimester human 
^ InTby toennS the distribution of Epo and Epo-R proteins inthese tissues 
by hnmunohistcoheirustry, to identify the ceU types expressing these proteins. 



2. Materials and methods 



2.1. Human fetal specimens 



Human fetal specimens were obtained following elective pregnancy termination, or 
surgical removal (tubal pregnancies). (My fetuses that were normal by utaasound 
examination were studied. Termination of pregnancy was done by suction^ 
dilatation and curettage. Gestational age was determined by fetal foot and long bone 
length [19,20]. The members of our study group had no contact with the mothers and 
made no attempt to influence their decisions about pregnancy ternunation. The studies 
were approved by the University of Florida Institutional Review Board. Organs 
including brain, brainstem, spinal cord, eyes, lungs, heart, liver, spleen, kidney^ 
adrenal, small bowel, placenta and skin were collected from fetuses of 5 to 24 weeks 
postconception. Organs were identified by visual inspection using a dissecting 
raicTOscope, and placed either in Bouins fixative for immunohistochemistry, or snap 
frozen" for RNA extraction. Organs used for RNA studies were preserved using 
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liquid nitrogen within 15 to 30 min of delivery . Table 1 lists the organs used for each 
method, and the postconceptual age of these organs. 

2.2. Identification of specific mRNAs 

1 Totaf X^t^i the washed tissues using the RNeasy elution * a 
JuStf^ extraction based on the selective binding of RNA* a sfiica 
Zmbxzne (Qiagen, Chatsworth, CA, USA) [21]. Manufacturer directions were 
STpSty and concentration of extracted RNA was deterntined bymea^nng 
UV aCbance at 260 and 280 am. Total RNA was treated with RNAse-free DNAse 
I (Gibco) prior to further experimentation. 

222 Reverse transcription (RT) of MA and amplification of cDNA 

Reverb SnscriptioTof RNA and amplification of cDNA was performed using a 
DNA thermal cycler (Peridn-Ehner Cetus). Total RNA (2.0 tf> was combined wrth 
ITm oligo (dT) primers (Gibco), heated to 70»C fori In then P^° n '£ 
Tte^Lture was ten combined with 250 \iM dNTP ^^^±^1 
phosphates) (Gibco). 0.01 M (dithiothreitol) DTT, 50 mM Tri* ^J^J^^ 
mM Mad,. Following a 42°C incubation for 2 min, 2 jil of Superscript H (Gibco) 
was added, and the mixture incubated for 50 min further. The reaction was terminated 
by heating to 70°C for 15 min. Amplification cycles were earned out under the 
f^ttoS conditions: 10 mM Tris P H 8.3, 50 mM KC1, 1 J mM MgCl 2 . 2.0 mM 
oNTP 0 2 uM upstream and downstream primers, 5% reverse transcriptase mix, O.l 
S'^AmpliTaq 94'C for 1 min, 56-C for 1 min. 72'C for 2 min for 30 icycles 
followed by 10 min elongation at 72°C. Primer pairs used, the fragment length they 
identify, and location are shown in Table 2. Every sample was tested for RNA 
by using fi-actin primers. Each sample also was tested for adequacyof 
DNAse I digestion by running a negative control Polymerase Cham Reaction (PCR) 
reaction using RNA which had not been reverse transcribed. 

2.2.3. Specific Epo-R and Epo identification 

Specificity of the RT-PCR products were confirmed by direct sequencing of an 
amplified PCR product using the Taq DyeDeoxy Terminator protocol developed by 
Applied Biosystems (Peridn-Elmer, Foster City. CA, USA). The labeled extension 
products were analyzed on an Applied Biosystems Model 373 DNA sequencer. 

2.3. Immunohistochemistry 

Tissues were fixed in Bourns solution for 6 h, removed to 70% alcohol for 
overnight incubation, then paraffin-embedded. Six micron sections were deparaffin- . 
ized iTxylene and rehydrated through a graded series of alcohols. Endogenous 
peroxidase was blocked with 0.3% aqueous H 2 0 2 for 5 min. The ABC technique 
was performed according to an established protocol (DAKO LSAB 2 Kit, Carpmtena. 
CA, USA). Primary antibody reactions consisted of overnight incubations at 4 C. 
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Phosphate buffered saline containing 0.3% Triton X-100 (PBST) with 1* bovine 
22 Xnrin was used for all antibody reactions and PBST was used for all washes. 
Sections were lightly counterstained with hematoxylin.* 

To identify Epo-immunoreactive cells, two antihuman Epo antibodies were used. 
The first was a mouse monoclonal antibody raised against the first 26 ammo acids of 
human Epo (Genzyme, Cambridge, MA, USA). This antibody was used at a 1:50 
dilution. Negative controls for this antibody were absence of primary antibody, and 
incubation with preimmune serum. A second, polyclonal, antiEpo antibody raised in 
goats against amino acids 35-57 of the amino terminus of the precursor form of 
human Epo was used at a 1:100 dilution to confirm out findings (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). Preincubation with a tenfold excess of 
specific blocking peptide (Santa Cruz) was used , as a negative control for this 
reaction. 

The antiEpo* antibody used was an affinity purified rabbit polyclonal antibody 
raised against amino acids 489 to 508 of the carboxy terminus of the precursor form 
of human Epo-R (Santa Cruz) [22]. This antibody was used at 1:100 dilution. 
Preincubation with a tenfold excess of specific blocking peptide (Santa Cruz) was 
used as a negative control for the reaction 

Additional negative controls were done to insure the specificity of these antibody- 
epitope interactions: each antibody was incubated with the opposite blocking peptide, 
as well as with blocking peptides for the granulocyte macrophage-colony stimulating 
factor (GM-CSF) and GM-CSF receptor (GM-CSF-R) antibodies (Santa Cruz) to 
insure that the blocking peptides were, in fact, specific. Thus, the Epo antibody was 
preincubated with the Epo-R, GM-CSF, or GM-CSF-R blocking peptide* and the 
Epo-R antibody was preincubated with the Epo, GM-CSF, or GM-CSF-R blocking 
peptides. When using the Epo-R antibody to identify immunoieactivity in liver, we 
found that preincubation with the blocking peptides for GM-CSF and GM-CSF 
receptor did not block the immunoieactivity of the antibody, while blocking with die 
Epo-R peptide abolished the reaction. When using the antiEpo antibody, blocking 
with the Epo-R peptide, GM-CSF, or GM-CSF receptor peptide did not block the 
immunoreactivity, but using the specific Epo peptide did block the immunoieactivity. 

KP-1 (Dako, Caipinteria, CA, USA) staining was performed to identify tissue 
macrophages. KP-1 is a human macrophage antigen (CD68) that corresponds to a 
lysosome membrane protein [23]. Slides were deparaffinized in two xylene washes 
and rehydrated through a graded alcohol series finishing with a tap water bath and 
placed in Ventana Medical Systems wash solution (solution no. 250-008). KP-1 slides 
were subjected to an inhibitor solution consisting of hydrogen peroxide and sodium 
azide (Ventana) for 4 min to block endogenous peroxidase activity. The slides were 
then subjected to alkaline protease (Ventana Protease 2 Reagent) prior to exposure to 
specific antibody in order to improve antibody binding. Optimized titers of the 
specific antibody were determined and then applied to die sections. KP-1 antibody 
was applied at a 1:100 dilution for 32 min. The slides were exposed to an 
avidin-horse radish peroxidase reagent for 8 min. Following this, the slides were 
exposed to universal biotinylated Ig secondary antibody for 8 min (Ventana). 
Diaminobenzidine was applied to the KP-1 slides for 8 min, and the slides were 
counterstained with hematoxylin. 
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24. Western analysis 

Specificity of the antibodies against human Epo-R (Santo Cruz) and human Epo 
fGenzymc) were determined by the inclusion of rhEpo 100 ng/lane (Amgen), 
rbG-CSF 120 pg/lane (Amgen), and human fetal fiver (11 weeks posteonception) as 
positive and negative controls. Fetal fiver was lysed on ice for 20 min in 1 ml of lysis 
Duffer, consisting of 50 mM Tris-HCl, pH 7.0. 1.5% Triton X-100, 10 pM Pepstaan, 
10 uM Leupeptin, 10 uM Antipain and 2 mM Phenyhnethylsulfonylfluonde. Tissue 
samples were passed through progressively smaller gauge needles, ranging from 16 to 
25 gauge, to disperse cells. Samples were spun at 12000 g for 2 mm, with 
supernatant removed and stored. Protein concentrations were determined by Bio-Rad 
Protein Assay Reagent kit (Hercules, CA, USA). Samples were denatured by heating 
to 98°C for 3 min and electrophoresed on 10 or 15% sodium dodecyl sulfate (SDS) 
pofyacrylamide gel electrophoresis with 3.5% stacking gel, in 1 X Tris-glycine buffer 
(25 mM Tris containing 200 mM glycine, 3.5 mM SDS (pH 8.3)) in a mininrotein 
cell (Bio-Rad) at 60 volts in a cold room for 3 h. The separated proteins were 
electrotransf erred to a nitrocellulose filter (Bio-Rad) using a transfer buffer (pH 8.3) 
containing 39 mM glycine, 48 mM Tris base, 0.037% SDS and 20% methanol in a 
minitransfer cell (Bio-Rad) at 200 mA in a cold room for 1 n. The filter was 
incubated with gende agitation at 4°C overnight, in 20 ml of blocking buffer 
containing 5% dried nonfat milk, 0.01% antifoam A, 0.02% sodium azide in PBS, 
then probed with primary antibody for 2 h. The ABC-AP* Kit and Alkaline 
Phosphatase Substrate Kit (Vector Laboratories, Vectastain* ABC system) were used 
to detect the protein on the filter. Prestained molecular weight markers (28 400, 
34 200, 48 000, 77 000, 103 000 Da) (Bio-Rad) were used to determine protein size. 



3. Results 

The presence or absence of Epo and Epo-R mRNA was determined in organs of 
differing postconceptual age by RT-PCR, and these results are shown in Table 1. To 
demonstrate the range of findings at two points in development. Figs. 1 and 2 
compare RT-PCR results from fetal organs obtained at 8 and 16 weeks posteoncep- 
tion. At 8 weeks posteonception, .organs tested included brain, brainstem, spinal cord, 
eye, lung, heart, liver, spleen, adrenal, kidney, stomach and placenta. At 16 weeks 
posteonception organs tested included brain, spinal cord, eye, lung, heart, liver, 
spleen, adrenal, kidney, stomach, small bowel and skin. At both time-points, the liver 
shows the most prominent band for both Epo and its receptor, however, this sensitive 
technique did identify the transcription of mRNA for Epo and Epo-R in most tissues. 
Although not quantitative, die RT-PCR was done using 30 cycles of amplification, 
which we have previously shown to be in tile linear range (data not shown). 

RT-PCR reflects all cells in a given organ, without cellular specificity. It is known 
that Epo-R are present on the surface of endothelial cells, cells which are present in 
all organs tested The sensitivity of RT-PCR is such that the presence of these cells 
could be responsible for the detection of mRNA for Epo-R within the organs. To 
determine the cellular specificity of Epo and Epo-R immunoreactivity in fetal organs 
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rr , o • Knn.il mRNA abundance in fetal tissues at 8 weeks gestation. The opper panelshows the 
Hg. 1. Epo and Bpo-R ^ / ^^ t ^~ md ^ pane i shows Epo-R products. Tte bottom 
RT-PCR products using prime** *^**»> f± , a 100 base p* ladder to assessment of 

show. — ^ "^SSftSS Si BU «i from brain, breinstem. 
fragment size. Lanes 2-13 contain RT w-K ^ placenta from 8 weeks 

5SC^ i SS* ***** « 234 base pain, 497 base pan., a^ 66! base pan,, 
respectively. 



at different oosteonceptual ages, we used inununohistochemistty. To check for 
l^cS ofC Sody reaction used to detect Epo and Epo-R by nnmuno- 
SSlt . we performed Western analysis. Rg. 3 shows the specific banding for 
both antihuman Epo antibody, and antihuinan Epo-R antibody. 

^ns e^minS using imnmohistocbemistry are listed in Table 1 as are the 
J£ of these studies. As we have previously reported fte presence of Epo and 
within the developing CNS [15], only details of nonCNS organs will be given 

he ^though several organs showed minor amounts of Epo staining during the first 
two trimesters, immunoieacdvity was consistently most prominent m the liver. Rg. 4 
show, representative photomicrographs of Epo ^^^ZZ^l^t 
adrenal and kidney. The fiver was the most immunoreactive organ throughout die first 
and second trimesters (Rg. 4A). Immunoreactivity for Epo was weak to absent* the. 
lung parenchyma ^of all developmental stages investigated. There was weak to 
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Fig. 2. Epo and Epo-R mRNA abundance in fetal tissues at 16 weeks »P P™ 1 

RTPCRWdw^using crimen specific to Epo. the middle panel shows Epo-R products. Lane lcontains 
frJ^Wrf fragment sire. Lane. 2-13 contain RT-PCRj 
RNA extracted from brain, spinal conl, eye. lung, heart, liver, spleen, adrenal. ldd«y^«omach. aaaH 
bowel and skin from 16 week, perception. Lane 14 contain, a negative control. The bottom panel 
shows the B-actin controls for RNA integrity. 

moderate staining of what appeared to be the capillary network of the developing 
lung mesenchyme. The apical surface of the developing bronchi were also immuno- 
reactive (Fig. 4B). We found moderate immunoreactivity for Epo in the developing 
zona fasciculata of the adrenal cortex as is shown in Panel C. In the adrenal medulla, 
Epo reactivity was weak to absent Although the metanephric kidney was negative for 
Epo staining at 5 weeks, as was the 8 week gestation kidney, by 18 weeks 
postconception, weak immunoreactivity was present in the peritubular interstitial cells 
(Fig. 4D). By 22 weeks postconception, this immunoreactivity of the interstitial cells 
and of the proximal tubules was strong (Fig. 4E). 

Moderate Epo staining was present in the retina of the eye, particularly in the 
region of active cell division. The pattern of staining in this tissue was reminiscent of 
that seen in the developing brain, with the most prominent staining noted in the 
region of active mitosis. In the heart, immunoreactivity was weak to absent 
throughout the time period studied. The spleen showed no notable immunoreactivity 

^Thurorgans in which Epo immunoreactivity was positive during the first two 
trimesters were: liver, kidney, the retina of the eye, and the zona fasciculata of the 
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Kg. 3. femunoblot of Epo and Epo-R. Epo reactivity is shown in panel A. Samples were electrophoresrt 
into a 3.5% stacking gel, resolved on a 15% SDS acryUnride gel then transferred to a m troceUuIose 
membrane. Lane 1 shows the molecular weight markers, identified in kDa. Lanes 2 through 4 raton: 100 
ng rhEpo, 120 pgrhCMSP and fetal liver (11 weeks postconception), respectively. The ejected sizes of 
recombinant human Epo and eiidogenoiis Epo are 37 and 30.4 k^ 

expected size of Epo. Epo-R reactivity is shown in panel B. Samples were electrophoresed into a 3 J% 
stacking gel, resolved on a 10% SDS acrylamide gel, then transferred to a mtrocelMose. membrane. Unes 
1 through^ contain the protein inarkers, 100 ng rhEpo, 120 pg rhOCSF and fetal Uver (11 weeks 
postcon«ption). respectively. T*e expected size of Epo-R is 66 kDa, and is identined by an arrow. 

adrenal, and possibly, mild immunoreactivity of the apical surfaces of the bronchial 
epithelium. In other organs, immunoreactivity, if present, was due to vascular 

structures. * _^ _ 

The pattern of immunoreactivity for the Epo-R was quite different than for its 
ligand. Like Epo, Epo-R reactivity was very strong in the liver parenchyma at all 
gestational ages studied (Fig. 5A), however, unlike Epo immunoreactivity, moderate 
Epo-R immunostaining was present in many other organs throughout die first two 
trimesters. 

The myocardium became progressively more immunoreactive as gestation pro- 
gressed. At 5 weeks postconception, the myocardial cells were only weakly reactive 
to Epo-R antibody, but by 8 and 18 weeks postconception, strong immunoreactivity 
was found (Fig. 5B and C). A similar increase in immunoreactivity with time was 
found in the lung. At 6 weeks postconception, only weak reactivity was noted, with 
the exception of scattered round interstitial cells. At 8 weeks postconception, the 
basilar surfaces of respiratory bronchi were immunoreactive, in addition to these 
scattered cells (Fig. 5D). By 18 weeks postconception, the epithelial cells lining the 
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Fig. 4. Erythropoietin immunoreactivity in human fetal tissues. Panel A illustrates the strong immun o 
reactivity of fetal liver pareochymal cells (8 weeks postconception) as well as the nascent hematopoietic 
cells with antiEpo antibody (400 X ). Panel B is a photomicrograph of a lung at 5 weeks postconception 
(original magnification 200 X ). Note the immunoreactivity of the capillary network (arrow), and the apical 
surfaces of the bronchia] epithelium (arrow head). The zona fasciculate (ZF) of die fetal adrenal cortex 
(Panel C) snowed moderate Epo tmmunoreacdvity at 18 weeks postconception, but the adrenal medulla 
(AM) was nonreacdve. Panels D and E show Epo immunoreactivity in kidney at 18. and 22 weeks 
gestation respectively, with panel F showing a negative control The original magnifications of these photos 
were 160 X , and 100 X , respectively. At 18 weeks, weak immunoreactivity is present in the proximal 
tubules and the nearby interstitial cells (Panel D, arrow). By 22 weeks gestation, this immunoreactivity is 
much stronger in both the proximal tubules (arrow), and the interstitial cells (Panel E» arrow head). 

bronchi as well as the scattered interstitial cells were strongly reactive for Epo-R. The 
smooth muscle cells of the developing bronchial arteries were also strongly 
immunoreactive. The mesenchymal cells of the interstitium remained negative to 
weakly reactive to Epo-R antibody. To determine whether the scattered cells noted 
within die interstitium of the developing lung might be macrophages, we stained lung 
at 6 weeks postconception with HEM. We found scattered KP-1 positive cells which 
woe morphologically similar to those identified with Epo-R (Fig. 5E). 

The neural retina was immunoreactive at 6, 8, and 18 weeks postconception. The 
strongest immunoreactivity was present at the mitotic surface, however, the entire cell 
layer was moderately reactive (Fig. 5F). Unlike with Epo immunoreactivity, in die 
adrenal, strong immunoreactivity was present in all zones of the adrenal cortex and in 
die adrenal medulla (Fig. 50). The developing kidney was immunoreactive with 
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Fig. 5. Erythropoietin receptor immunoreactivity in human fetal tones. Panel A shows an 18 week 
gestation liver stained with antfflpo-R antibody. Note the strong reactivity of both the liver parenchymal 
cells as well as the nascent hematopoietic cells (arrow). Panels B and C show unmimoreactivity of the 
myocardium at 5 and 18 weeks posteonception, respectively. At 5 weeks the myocardial cells are only 
weakly reactive, and this is in contrast to the circulating nucleated red blood cells (arrow) which are very 
well stained (original magnification 100 X). At 18 weeks postconception, the myocardium is strongly 
immunoreactive (original magnification 400 X ). Panels D shows a lung at 8 weeks gestation stained with 
antiEpo-R antibody, and is compared to panel E in which a lung at 6 weeks gestation is stained with KP-1, 
to specifically identify macrophages. Respiratory bronchi are labeled B. Arrows identify strongly 
mimunoreactive interstitial cells which are presumed to be macrophages (original magnification 160X ). 
Panel F demonstrates the unmimoreactivity of the neural retina at 8 weeks gestation (original magroftcaticn 
400 x). An arrow identifies a mitotic cell. Although the strongest immunoreactivity is present at the 
mitotic surf ace, the entire cell layer is moderately reactive. Panel G shows the adrenal medulla (AM), the 
zona fasciculate (ZF). and the zona gtomerulosa (ZO) of the adrenal cortex. Note mat unlike with Epo 
iraraunoteactivity, the receptor was present in all zones of the adrenal cortex and in the adrenal medulla. 
Panel H shows Epo-R staining of the metanephric kidney (original magnification 100 X). This is compared 
to the more restricted uranunoreactivity noted at 22 weeks postconception seen in panel L At this 
time-point, immunoreactivity is noted primarily in the proximal tubules. 

Epo-R throughout the time period studied, including at the mesonephric stage (Fig. 
5H). As development progressed, immunostaining became more localized to cells of 
the proximal tubules, as is shown in Fig. 5(Panel I). 



4. Discussion 



Many of the hematopoietic cytokines were discovered by virtue of their growth- 
promoting effects on hematopoietic cell lines, or their specific immune functions. 
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Although it was initially assumed that effects of these cytokines were specific to the 
hematopoietic system, this view is now changing, as evidence of a multiplicity of 
functions at nonhematopoietic sites are coming to light 

Animal and in vitro studies have demonstrated Epo-R on liver stromal cells I4j, 
endothelial cells [5-7,24], mesangial cells [8], smooth muscle cells [8], placental 
tissues [9,10], and cells of neuronal origin [11-14,25-27]. Erythropoietin has a 
mitogenic effect on several of these ceil types in vitro [4,5,28], as it does in erythroid 
precursor cells in vivo. Secondary responses have also resulted from cellular 
stimulation with recombinant Epo (rEpo). For instance. Carlini and coworkers 
demonstrated a calcium-dependent increase in endothelin-1 synthesis and release by 
endothelial cells stimulated with rEpo [6,29]. A dose-dependent effect of rEpo on 
endothelial cells has been confirmed by other workers [30] and may contribute to the 
hypertension seen in dialysis patients treated with rEpo [31]. Another potentially 
important effect of rEpo on endothelial cells is that of angiogenesis [32]. Brain 
capillary endothelial cells express a functional membrane-bound Epo-R as well as a 
soluble Epo-R, and Yamaji et al have suggested that under hypoxic conditions Epo 
might act as a competence factor, contributing to the growth of new capillaries in the 
brain [7]. In brain, available data suggests that Epo may function as a neurotrophic 
factor and a neuroprotective agent [12,13,15,26]. 

The goal of mis study was to establish the distribution of Epo and its receptor 
within the developing human fetus. Using RT-PCR as a detection method for mRNA 
for Epo and Epo-R, we found messages for these proteins to be present throughout 
the body during the first two trimesters. The extreme sensitivity of this method, 
however, may be misleading, as contamination with other tissues, circulating blood 
elements' (particularly at the earliest gestation), or gene "leakiness" may have 
resulted in the spurious detection of mRNA. Another limitation of this method is that 
although it assesses transcripts in a given organ, it does so without cellular specificity. 
We therefore used immunohistochemistry as a complementary technique to confirm 
the presence or absence of Epo and Epo-R. and to provide information as to the 
cellular localization of these proteins. Because Epo is a soluble protein, identification 
of Epo in tissues by immunoreactivity does not necessarily indicate local production, 
but may rather reflect ligand binding to Epo-R, thus, it will be important to establish 
the cellular location of synthesis by in situ techniques. We did, however, find a 
different distribution of Epo than Epo-R in our studies, suggesting mat ligand binding 
was not the sole reason for Epo immunoreactivity in tissues. 

Immunolocalization of Epo. to cells other than endothelial cells was limited to the 
liver parenchymal cells, kidney proximal tubules and interstitial cells, neural retina of 
the eye, and adrenal cortex. During the first trimester, only liver and eye were found 
to be immunoreactive. with the exception of the developing CNS. As development 
progressed, immunoreactivity in the fetal kidney became more prominent 

This pattern of staining for Epo was in direct contrast to the pattern for Epo-R, 
which was widespread throughout the body, involving several cell types, some of 
which have been reported previously, (endothelial cells and myocardiocytes), and 
some which are previously unreported (cells of the adrenal cortex and medulla). It is 
interesting that cells of both the adrenal medulla, which is derived from postmitotic 
neural crest cells, and cells of the dorsal root ganglia, which is similarly derived. 
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exuressed Epo-R This widespread pattern of Epo-R distribution is ccmsistent with 
S^Kveloping mcTembryo [16]. Yasuda et al ident^dEpo and Epo* 
by a combination of RT-PCR, and immunolocabzation, and after discovering the 
Jevaleace of die receptor, proposed that Epo might function as a general moiphpgen 
^inducer of neurogenesis during early development Although we identified 
Sted somatic immunoreactivity for Epo in the developing fetus, has previously 
been shown that in addition to Epo synthesis by fetal liver . human placenta 
synthesizes Epo [10]. One can speculate that physiologically relevant circulating 
concentrations of Epo are present from early gestation, functioning in concert with 
other somatic growth factors to influence the growth and development of fetal organs 
by way of interaction with specific Epo-R. 

In summary, the distribution of Epo and its receptor is more widespread to the 
developing human than was initially postulated. The receptor is widespread during 
early fetal development, leading us to speculate that Epo acts as a somatic growth or 
differentiation factor during this period. Although a great deal of further investigation 
is required to fully understand the nonhematopoietic role of Epo. it is likely that many 
of its mechanisms of action, which have been well worked out in bematopoiesis, 
might also be at work in nonhematopoietic systems. 
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Recombinant erythropoietin (rEpo) is an effective treatment 
for infants with the anemia of prematurity. rEpo was previously 
thought to act only on erythroid progenitor cells, but evidence 
now indicates that certain nonerythroid cells also express func- 
tional erythropoietin receptors (Epo-R). Such receptors have 
been observed on cells in the developing murine brain and spinal 
cord. The objective of this study was to determine whether 
Epo-R are expressed in the CNS of mid-trimester human fetuses. 
For this study, spinal cords were collected from five mid- 
trimester abortuses. RNA was extracted from the washed speci- 
mens, and the presence of Epo-R mRNA was sought by reverse 
transcription followed by polymerase chain reaction. Iramuno- 
histochemistry was then used to determine the anatomic location 
of the. cells expressing Epo-R within the fetal spinal cord. The 



results showed that all fetal spinal cords tested contained Epo-R 
mRNA. Hie cells expressing Epo-R were radiating from the 
ependymal canal toward the anterior and posterior median sulci. 
We conclude that Epo-R are expressed on cells in the developing 
human CNS. Further studies are needed to determine whether 
they are clinically relevant in the premature infant. (Pediatr Res 
40: 37«80, 199© 

Abbreviations 

Epo, erythropoietin 
Epo-R, erythropoietin receptor 
rEpo, recombinant erythropoietin 
RT f reverse transcription 
PCR, polymerase chain reaction 



Dixninishing the number of transfusions administered to 
preterm neonates is widely maintained to be a desirable goal, 
as the risk of adverse reactions, or infection accompanying 
multiple transfusions, although small, is real. Multiple large 
clinical trials have shown that rEpo treatment can reduce both 
the number and total volume of transfusions required in this 
patient population (1-5). The cost of treatment with rEpo may 
be significantly less than the cost of transfusions, although this 
analysis is dependent on the costs of rEpo, and whether single 
or multiple doses are obtained per vial of drug (6-8). No 
significant adverse effects of rEpo administration to preterm 
infants have been identified, although an unexplained, possibly 
coincidental association with sudden infant death syndrome 
has been noted (9-11). The experience with rEpo in human 
infants to date is insufficient to guarantee the absence of 
significant toxicity, particularly for complications which occur 
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rarely. Additional long-term studies are needed to assess the 
neurodevelopmental effects of Epo administration to this pop- 
ulation. 

Epo, a 34-kD glycoprotein, was originally thought to act 
only on erythroid progenitor cells, stimulating their prolifera- 
tion and differentiation by binding to a specific 66-kD mem- 
brane receptor (12-17). There is now growing evidence in 
animal models that Epo-R are also present in some nonhema- 
topoietic tissues such as endothelial cells (18, 19) and fetal 
cells of neural origin (20), although the physiologic role of 
Epo-R at these sites is unclear. These receptors do, however, 
appear to be functional as assessed by in vitro and in vivo 
studies. We will concentrate primarily on work done in tissues 
of neural origin, as there is accumulating evidence that Epo 
may be active within the developing CNS. 

Masuda et al (20) first demonstrated the presence of Epo-R 
on two rodent cell lines of neural origin (PC 12 and SN6 cells) 
which responded to rEpo by increasing the intracellular con- 
centration of monoamines, and by rapidly increasing cytosolic 
concentrations of free calcium. The possibility that this recep- 
tor is developmental^ regulated was suggested by Liu et al 
(21) in work observing substantial expression of Epo-R within 
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the early fetal murine brain falling to undetectable levels by 
gestational d 16. 

A prerequisite for assigning a physiologic role to Epo-R 
within the fetal CNS is the presence of the ligand, Epo, within 
this system, either by crossing the blood-brain barrier, or by 
synthesis within the CNS. Yasuda et al (22) provided such 
support for a role of Epo in neurogenesis in a study of 
postimplantation mouse embryos, where both Epo and Epo-R 
messages were identified in the primitive streak. Our own work 
in human infants has documented the presence of Epo within 
the spinal fluid of premature and term neonates, which appears 
to be developmentally modulated (23). 

Studies directed at determining the function of Epo within 
the CNS have demonstrated oxygen-regulated Epo synthesis 
by primary cultures of astrocytes from rat cerebrum (24). The 
Epo produced within the brain had a different extent of sialy- 
lation, and was more active in vitro than was rEpo. Tan et al 
(25), studying in vivo exposure of rats to hypoxic conditions 
(7.5% oxygen) showed an induction of Epo mRNA in brain 
tissue. The possibility that Epo might function as a neurotropic 
factor is raised by a study showing that rEpo increased survival 
of damaged rat cholinergic Septal neurons produced by fim- 
bria-fornix transections (26, 27). 

Thus, an endogenous source of Epo within the developing 
CNS and the presence of functional Epo-R have been estab- 
lished in murine models, although their role, if any, is not clear. 
Our laboratory has demonstrated the presence of Epo within 
the spinal fluid of neonates, and we now show that Epo-R are 
present in the CNS of developing humans. We speculate that if 
functional Epo-R are expressed within the CNS of the mid- 
trimester fetus, as they are in developing rodents, treatment of 
premature infants with rEpo might have unanticipated neuro- 
developmental consequences, and we echo the caveats voiced 
by others that, before treatment with rEpo becomes the stan- 
dard of care for the treatment of anemia of prematurity, further 
neurodevelopmental studies to determine the physiologic rel- 
evance of this finding should be carried out. 

METHODS 

Human fetal specimens. Spinal columns were obtained 
from five human abortuses at 13 to 17 wk of gestation. Only 
fetuses that were normal by ultrasound examination and un- 
derwent elective pregnancy termination were studied. Preg- 
nancy terminations were carried out by suction curettage. No 
contact with the mother or attempt to influence her decision 
was made. The studies were approved by the University of 
Florida Institutional Review Board. The spinal cords were 
obtained after severing the dorsal lamina from the spinal 
column, blotting the spinal cord several times on sterile gauze, 
and extensively washing the cords in sterile minimal essential 
medium, a modification (HyClone Laboratories, Logan, UT). 
The meninges were removed from some of the spinal cord 
samples under a dissecting microscope. 

Preparation of total RNA Total cellular RNA was extracted 
from the washed spinal cords using the guanidinium thiocya- 
nate method (28). The spinal cord tissue and OCIM1 cells (an 
erythroleukemia cell line used as a positive control for Epo-R) 



were homogenized in 4 M guanidinium* thiocyanate, and the 
RNA was separated from DNA and protein by phenol/ 
chloroform extraction, followed by isopropanol precipitation. 
The purity and concentration of the RNA were determined 
spectrophotometrically. 

RT of RNA and amplification of cDNA. RT of RNA and 
amplification of cDNA were performed by using the GeneAmp 
RNA PCR kit (Perkin-Elmer Corp., Norwalk, CT) in a DNA 
thermal cycler (Perkin- Elmer Corp.). One microgram of total 
RNA was incubated with 50 U of reverse transcriptase for 1 h 
at 37°C. The reverse transcriptase was inactivated at the end of 
the reaction by heating to 95°C for 5 min. Amplification of first 
strand cDNA was carried out under the following conditions: 
10 mM Trisi pH 8.3, 50 mM KC1, 2.5.mM MgCl 2 , 2.0 mM 
dNTP, 0.2 /xM upstream and downstream primers, 10% RT 
reaction mix, 5 U//xL Ampli Taq 94°C for 1 rnin, 57°C for 1 
min, 72°C for 2 min for 35 cycles, followed by 10-min 
elongation at 72°C. The following oligonucleotide primers 
were used to amplify a 197-bp fragment from the reverse 
transcribed Epo-R mRNA: sense primer 5'-GCA-CCG-AGT- 
GTG-TGC-TGA-GCA-A, and antisense primer 5'-GGT-CAG- 
CAG-CAC-CAG-GAT-GAC. These primers amplified the re- 
gion from nucleotide 632 to 829 of the Epo-R sequence (29). 
The primers used to identify a-globin mRNA amplified the 
region from nucleotide 37 to 236 of the a-globin sequence 
resulting in a 199-bp fragment (30) and the primers used to 
identify 0-actin mRNA amplified the region between nucleo- 
tides 1038 and 1876 of the j3-actin sequence resulting in a 
661-bp fragment (31). 

Specific Epo-R mRNA identification by digestion products 
and sequence analysis. To further confirm whether the 197-bp 
RT-PCR product was indeed Epo-R, the product was digested 
with the restriction endonuclease Avail, according to the pro- 
tocol of Anagnostou et al (19). This digestion should produce 
two fragments, one of 57 and the other 140 bp. A positive 
control was obtained by digesting the RT-PCR product of the 
OCIM1 cell line with Avail Specificity. of the RT-PCR product 
was additionally confirmed by direct sequencing of an ampli- 
fied PCR product using the Taq DyeDeoxy Terminator proto- 
col developed by Applied Biosystems (Perkin-Elmer Corp., 
Foster City, CA). The labeled extension products were ana- 
lyzed on an Applied Biosystems Model 373 DNA sequencer. 

Jmmunofluorescent stowing. Representative sections from 
mid-trimester human spinal cords were fixed overnight at 4°C 
in 94% absolute ethanol/3% glacial acetic acid/3% distilled 
water. The tissue was processed manually and embedded in 
paraffin. Sections of 7 /im were cut, mounted on drops of 
water, and heated to 37°C for 1 h. They were then deparaf- 
finized in Clear-Rite-3 (Richard Allen, Richland, MI) and 
rehydrated in graded ethanol solutions to PBS. Nonspecific 
staining was blocked using 1% normal goat serum. Monoclo- 
nal anti-human Epo-R antibody (mh2er/ 16.5.1, mouse IgGl, 
affinity purified on protein A, Genetics Institute, Cambridge, 
MA) was added at a dilution of 1:50 and incubated for 3 h. 
After rinsing thoroughly in PBS, secondary antibody (goat 
anti-mouse IgG conjugated to fluorescein (Sigma Chemical 
Co., St Louis, MO) was applied at a 1:50 dilution and incu- 
bated for 1 h. Sections were mounted in glycerol with anti- 
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quenching agent and viewed under epifluorescence with a 
Nikon FXA photomicroscope. In the negative control, nonim- 
mune mouse serum was substituted for the primary anti-Epo-R 
antibody. 

RESULTS 

The upper panel of Figure 1 shows the RT-PCR products 
obtained from the five mid-trirnester fetal spinal cords. The 
single, anticipated, 197-bp band was amplified from RNA 
isolated from all five spinal cords. To determine whether 
circulating erythroid cells, which might be contaminating the 
spinal cord preparations were responsible for the Epo-R RNA, 
RT-PCR was performed with primers specific to human a-glo- 
bin (Rg. 1, middle panel). Only one spinal cord sample and 
OCIM1 cells showed the presence of a-globin mRNA. RT- 
PCR was also performed using primers for /3-actin, and in each 
case a single band of appropriate size was obtained (Fig. 1, 
lower panel). 

To further confirm that the 197-bp product, resulting from 
RT-PCR with primers specific to Epo-R, was indeed Epo-R 
mRNA, we digested the product with the restriction endonu- 
clease Avail, which resulted in the expected restriction frag- 
ments of 57 and 140 bp (29) (Fig. 2). As the cytokine family 
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p-actin 

Figure 1. Lanes 1 and 8 contain 100-bp DNA markers. Lanes 2 through 6 
contain RT-PCR products from 15-, 13-, 14-, 15-, and 16-wk gestation fetal 
spinal cords, respectively. Lane 7 contains the RT-PCR product from OCIM1 
cells, as a positive control. The upper panel shows the RT-PCR products 
obtained using primers specific to human Epo-R (197-bp product expected). 
The middle panel shows the RT-PCR products resulting from primers specific 
to a-globin (199-bp product expected), and the lower panel shows the RT-PCR 
products resulting from primers specific to 0-actin (661 -bp product expected). 
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Epo-R 

Figure Z Specific digestion of the 197-bp Epo-R RT-PCR product with the 
restriction endonuclcase Avail, showing restriction fragments of 57 and 140 
bp. Lanes 1 and 6 contain 100-bp DNA markers. Lane 2 contains the 
undigested RT-PCR product from human fetal spinal cord, lane 3 contains the 
RT-PCR product digested with Avail, yielding the two smaller bands of 140 
and 57 bp. Lanes 4 and 5 contain the uncut and cut products, respectively, from 
the positive control OCIM1 cells. 

to which Epo-R belongs contains a number of sequence ho- 
mologies, we obtained direct nucleotide sequence information 
from an amplified gene product The results confirmed ampli- 
fication between nucleotides 632 and 829 of the published 
Epo-R sequence (29). 

Figure 3 shows the Epo-R immunostain of the fetal spinal 
cords. Ependymal cells enclosing the central canal express 
Epo-R, as demonstrated in panel A, by the red staining of these 
cells. The regions proximal to the anterior and posterior me- 
dian sulci also are intensely immunopositive. Panel B shows 
the negative control. 

DISCUSSION 

Approximately 8% of live births in the United States are 
delivered prematurely (32). These infants are at significant risk 
for receiving erythrocyte transfusions during their hospital 
stay, due initially to iatrogenic blood loss, and later to the 
anemia of prematurity (4, 33). Diminishing the number of 
transfusions to which premature infants are exposed is consid- 
ered to be a worthwhile goal (33). Toward that aim, multiple, 
randomized, placebo-controlled, clinical trials have been con- 
ducted, and they indicate that rEpo treatment can decrease the 
number of transfusion needed (1-3, 5, 34). In fact, this use of 
rEpo has been viewed as physiologic, because preterm infants 
appear to have a very limited capacity to increase their serum 
concentrations of Epo during- anemia or as a compensation for 
blood loss (3, 34). 

The action of Epo occurs by way of its binding to specific 
cell-surface receptors. The Epo-R is a member of the super- 
family of hematopoietic cytokine receptors, which includes 
receptors for IL-2, IL-3, IL-4, DL-5, IL-6, DL-7, granulocyte/ 
macrophage and granulocyte colony-stimulating factors, pro- 
lactin, and growth hormone. The extracellular domains of these 
molecules share homology in the region required for receptor 
binding and activation. The binding of Epo to its receptor is 
followed by receptor-mediated endocytosis of Epo, and in- 
volves tyrosine phosphorylation (35). 

The conventional understanding has been that the action of 
Epo was restricted to the proliferation and diflerentiation of 
erythroid progenitor cells, because these were the cells known 




to express Epo-R (12-17). Contrary to this belief, functional 
Epo-R have now been demonstrated on several nonerythroid 
tissues. Such receptors in endothelial cells obtained from mul- 
tiple sources (human umbilical vein, bovine pulmonary artery, 
and bovine adrenal capillary) not only show mitogenic activity 
when stimulated by rEpo, but also stimulate the release of 
angiotensin- 1 (36). Of particular concern are the reports of 
developmentally regulated, functional Epo-R on cells of neural 
origin (21). Indeed, previous and present studies suggest that 
the effects of Epo in the fetus might not be limited to erythro- 
poiesis, as both the receptor and its ligand are present within 
the developing CNS during fetal development The existence 
of alternatively spliced isoformsof the Epo-R is controversial, 
and further study will be required to know whether the recep- 
tors we identified represent alternatively spliced isoforms, or 
whether they are the same as the receptors found on erythroid 
cell lines. Although the physiologic significance of this ligand- 
receptor pair in the human fetal CNS is unclear, we maintain 
that further studies are indicated to delineate potential neuro- 
developmental effects of rEpo administration for anemia of 
prematurity. For example, it would be important to know 
whether rEpo, used at doses appropriate to treat anemia of 
prematurity, crosses the blood brain barrier in premature hu- 
man infants. Localization of Epo-R within the human brain, 
brainstem, and spinal cord would be interesting, and might help 
to direct further neurodevelopmental studies. For example, if 
there was a preponderance of such receptors in the reticular 



activating system, one might pay particular attention to the 
effects of rEpo on symptoms of apnea. Such a finding might 
also shed light on the association (real or coincidental) of rEpo 
treatment with sudden infant death syndrome. It is also possi- 
ble that rEpo might have beneficial neurodevelopmental ef- 
fects, however, all these potential effects, good or bad, are at 
this point speculation, and a combination of further laboratory 
elucidation of the possible function of Epo within the CNS and 
long-term clinical studies following treated infants would an- 
swer these questions. 

Acknowledgments. We thank Jenny Harcum, R.N., for help 
in obtaining specimens, and Yan Du for technical assistance. 

REFERENCES 

1. Mirier RF, Oblanden M, StigaHa P, Linderkamp O, Due G, Hieroairm O. HalHday 
KU Versmold HT, Morictlc G, Jorch G 1994 The effect of er*rietro-0 (recombinant 
human erythropoietin) on the need for transfusion in very-low-btrth- weight infants. 
N Engl J Med 330:1173-1178 

2. Meyer MP, Meyer JH, Commerford A, Harm FM, Sxve AA, Moller G, Jacobs P, 
Malan AF 1994 Recombinant human erythropoietin in the treatment of the anemia of 
prematurity: results of a double-blind, placebo-controlled study. Pediatrics 93:918- 
923 

3. Ohls RK, Hunter DP, Christensen RD 1993 A randomized, placebo-controlled trial of 
reco mbi nant erythropoietin as treatment for the anemia of bronchopulmonary dys- 
plasia. J Pediatr 123:996-1000 

4. Ohls RK 199S Recombinant human erythropoietin to prevent and treat the anemia of 
prematurity. Erythropoiesis 6:35-45 

5. Shannon KM, Keith HI JP, Mentzer WC. Ehrenkranz RA, Brown MS, Widness J A, 
Gleason CA, Bifano EM, Millard DD, Davis CB, Stevenson DK, AWerson DC, 
Simmons CF, Brim M, Abels RI, Phibhs RH 1995 Recombinant human erythropoi- 



B00008O 



C00024637 



UETAL 



'380 

con stimulates erytrnxjooiesis and reduce* erythrocyte transfusions in very low birth 
weight preterm infants- Pediatrics 95:1-8 
6\ ChSteSenRD 1989 Recombinam erythn^etic 

erythrocyte transfusion for patients with "anemia of prematuriry.* Pediatnci 83:793- 
796 

7 Shireman TI, Hilsemath PE, Strauss RG, Widness J A. Mutnick AH 1994 Recombi- 
nant human erythropdetio vs transfusions in the treatment of anerma of prematurity. 
A cost-benefit analysis. Arch Pediatr Adoiesc Med 148:582-588 

8. Fain J. Hilsenrath JA. Widnesa RG. Strauss RG, Mutnick AH 1995 A coat analysis 
comparing exytopoieun and red cell transfusions in the treatment of anerma of 
prematurity. Transfusion 35:936-943 

9 Hoffman HJ, Damns K. HUlman L, Krongrad B 1988 Risk factors for SIDS: results 
' of the National Institiute of C3iild Health and Human Developmeni SIDS cooperative 
epiderniological study. Ann NY Acad Sci 533:13-30 

10. Hoffman HJ, Hillman LS 1992 Epidemiology of the sudden infant death syndrome: 
maternal, neonatal, and postneonaial risk factors. Clin Perinatal 19:717-737 

11. Emmerson AJB, Coles H3, Stem CMM, Pearson TC 1993 Doable blind trial of 
recombinant erythropoietin in preterm infants. Arch Dis Child 68:291-296 

12. Mufson RA, Gesner TO 1987 Binding and internalization of recombinant human 
erythropoietin in murine erythroid precursor cells. Blood 69:1485-1490 

13. Migliaccio AR, Migliaccio G, D' Andrea A, Baiocchi M, Crotta S, NieoUa S, 
Ottolenghi S, Adamson IW 1991 Response to erythropoietin in erythroid subclones of 
the factor-dependent cell line 32D is detrained by translocation of the erythropoietin 
receptor to the cell surface, Proc Natl Acad Sd USA 88:1 1086-11090 

14. Sawyer ST, Krantz SB, Luna J 1987 Identiikation of the receptor for erythropoietin 
by cross-linking to Friend virus- infected erythroid cell*. Proc Natl Acad Sci USA 
84*3690—3694 

' • 15. Sawyer ST. Krantz SB, Sawada K 1989 Receptors for erythropoietin in mouse and 
human erythroid cells and placenta. Blood 74:103-109 

16. Fraser JK, Lin FK, Berridge MV 1988 Expression and modulation of specific, high 
affinity binding sites for erythropoietin on the human erythroleukemic eel] line K562. 
Blood 71:104-109 

17. HoshinoS.TerarnuraM,TakahashiM.MmoJi 

1989 Expression and characteriiation of erythropoietin receptors on normal human 
bone marrow cells. Int J Cell Cloning 7:156-167 

18. Anagnostou A, LeeES, Kessimian N. Levinson R. Steiner M 1990 Erythropoietin has 
& mite-genie and positive chemotactic effect on endothelial cells. Proc Natl Acad Sd 
USA 87:5978-5982 . 

19. Anagnostou A. Liu 2, Steiner M. Chin K, LeeES, Kessimian N, Nogucm CT 1994 
Erythropoietin receptor mRNA expression in human endothelial cells. Proc Natl Acad 
Sd USA 91:3974-3978 

20. Masuda S, Nagao M, Takahata fC Konishi Y, Gallyas PJ, Tabira T, Sasaki R 1993 
Functional erythropoietin receptor of the cells with neural characteristics. J Biol 
Chern 268:11208-11216 



21. Liu Z-Y, Chin K, Noguchi C 1994 Tissue specific expression of human erythropoietin 
receptor in transgenic mice. Dev Biol 166:159-169 

22. Yasuda Y, Nagao M. Okano M. Masuda S, Sasaki R, Konishi H, Tanimura T 1993 
Localization of erytopoietin and erythropdetm^eceptor in postnnpUntation mouse 
embryos. Dev Growth Differ 35:711-722 

23. Juul SB, Harcum J, U Y, Christensen RD 1996 Fjythropoietin is present in the 
cerebrospinal fluid of neonates. Pediatr Res 39288A(abstr) 

24. Masuda S. Okano M, Yarnagiabi K, Nagao M. Ueda M, Sasaki R 1994 A novel site 
of erythropoietin production. J Biol Chem 269:19488-19493 

25. Tan CC Eckardt K-U, Firth JD, Raiclifie PJ 1992 Feedback modulation of renal and 
hepitic erythropoietin mRNA in response to graded anemia and hypoxia. Am J 
Physiol 263 :F474-F481 

26. Bikfalvi A, Han ZC 1994 Angiogenic factors are hematopoietic growth factors and 
vice vena. Leukemia 8:523-529 

27. Komshi Y, Chui D-H, Htrose H, Kmiishita T, Tabira T 1993 Trophic effect of 
erythropoietin and other bematopoietic factors on central cholinergic neurons in vitro 
and in vivo. Brain Res 609:29-35 

28. Owraczynski P. Sacchi N 1987 Single-step method of RNA isolation by acid 
guanidinium tmocyanate-phenol-chloroform extraction. Anal Biochem' 162: 156-159 

29. VTinkelmann JC, Penny LA, Deaven LL, Forget BO, Jenkins RB 1990 The gene for 
the human erythropoietin receptor analysis of the coding sequence and assignment to 
chromosome 19p. Blood 76:24-30 

30. Wilson JT, Wliaon LB, Reddy VB 1988 Nucleotide sequence of the coding portion 
of human alpha globin messenger RNA. I Biol Chem 255.2807-2815 

31 . Nakajima-njima S, Hamada H. Reddy P, Kakunaga T 1985 Molecular structure of the 
human cytoplasmic 0-actin gene: interspedes homology of sequences in the introns. 
Proc Natl Acad Sd USA 82:6133-6137 

32. Behrman RE, Shiono PH 1992 Neonaial risk factors. In: FanaroffAA, Martin RJ (eds) 
Neonatal-Perinatal Medicine— Diseases of the Fetus and I nfa nt. Mosby, St Louis 

33. Strauss RG 1995 Red blood cell transfusion practices in the neonate. Clin Perinatal 
2*641-655 

34. Obis RK. Osborne KA, Christensen RD 1995 Efficacy and cost analysis of treating 
very low birth weight infants with erythropoietin during their first two weeks of life: 
a randomized, placebo controlled trial. J Pediatr 126:421 

35. Dalbnan PR (ed) 1993 Anemia of prematurity: the prospects for avdding blood 
transfusion by treatment with recombinant human erythropoietin. In: Advances in 
Pediatrics. Mosby, St Louis 

36. Ciriini RG, Dusso AS, Obialo CL Alvarez UK Rothsteio M 1993 Recombinant 
human erythropoietin (rHuEPO) increases endoihelm-1 release by endothelial cells. 
Kidney Int 43:1010-1014 



B00008 



C00024637 




B00008O 



C00024637 



DEVELOPMENTAL. BIOLOGY 166, 159-169(1994) 



Tissue Specific Expression of Human Erythropoietin Receptor 

in Transgenic Mice 

Zi-Yao Liu, Kyung Chin, and Constance Tom Noguchi 

Laboratory of Chemical Bxctoay, NIDDK. National Institutes of Health, Bethesda. Maryland *M9t 

Accepted July 99, im 



We have made transgenic mice using the human erythro- 
poietin receptor (hEpoR) encoding gene contained within a 
15-kb DNA fragment The transgenic mice that Incorpo- 
rated the hEpoR transgene into the genome were analyzed 
for tissue specific expression of hEpoR mRN A using reverse 
transcriptase and DNA amplification. In the control ani- 
mals, endogenous EpoR transcripts were identified in bone 
marrow and spleen; no transcripts were detected in heart, 
kidney, liver, or brain. In the transgenic mice, h EpoR tran- 
scripts were detected In bone marrow and ipleen but not in 
heart, kidney, or liver, suggesting that the transgene con- 
tains sufficient genetic Information to direct appropriate 
expression In hematopoteticaUy active tissues. The hemato- 
logical parameters of the transgenic mice were within nor- 
mal limits, consistent with the relatively lew level ofhEpoR 
transcripts detected. Surprisingly, hEpoR transcripts but 
not mouse EpoR transcripts were detected In the brains of 
the transgenic mice. Brain hEpoR transcripts were ob- 
served la all transgsnk mice assayed, indicating that 
transgene expression In the brain did not result from the 
effects of aberrant integration rites. Comparable expres- 
sion of the transgene was also observed In the embryonic 
brain. Interestingly, wo observed significant expression of 
the endogenous EpoR gene In the early embryonic brain 
(Day 10) of normal mice at levels comparable to that ob- 
served In the adult spleen and bone marrow. The level of 
endogenous EpoR expression in the brain decreased during 
embryonic development to nondetectable levels prior to 
birth preceding tie decrease of endogenous EpoR expres- 
sion In the fetal liver, while hEpoR expression In the brains 
of transgenic mice persisted throughout embryonic devel- 
opment into adulthood. These data suggest that the hEpoR 
transgene contains appropriate regulatory sequences to di- 
rect tissue specific expression in tissues associated with he- 
soatopoietie activity and la the embryonic brain, bat lacks 
the control elements to provide levels of expression compa- 
rable to that of the endogenous gene or to selectively silence 
brain expression in the adult mouse, ommj 



INTRODUCTION 



Erythropoietin (Epo), the primary regulator of eryth- 
ropoiesis, stimulates the proliferation and differentia* 



tion of erythroid cells by binding to a specific receptor, 
the erythropoietin receptor (EpoR), on the surface of 
erythroid precursors (Youssoufian et aL, 1993). The num- 
ber of surface receptors on the cell surface increases 
from less than 200 and peaks at about 1100 as erythroid 
precursors mature from the BFU-E to the CFU-E stage 
and then decreases with terminal differentiation 
(Broudy et aL, 1991). EpoR are not found on mature 
erythrocytes. Binding of Epo to its receptor is followed 
by receptor-mediated endocytosis of erythropoietin and 
other molecular events including activation of the ery- 
throid transcription factor, GATA-1, and expression of 
globin genes (Chiba et aL, 1991). 

The murine and human EpoR cDNAs encode a poly- 
peptide of 507 and 508 amino adds, respectively, with 
a single transmembrane domain (D* Andrea et aL, 1989; 
Winkelmann et aL, 1990; Jones et aL, 1990). Although 
erythropoietin binding to the EpoR stimulates tyrosine 
kinase activity, the cytoplasmic region of the EpoR con- 
tains no tyrosine kinase domain. The cytoplasmic do- 
main does contain a negative-control domain in the O 
terminal region (Yoshimura et aL, 1990; D'Andrea et aL, 
1991), which functions in vitro as well as in vivo (de la 
Chapelle et aL, 1998). The extracellular domain contains 
regions homologous to several other cytokine receptors 
such as receptors for EL2, IL3. IL4, IL5, IL6, and H77, 
GM-CSF, G-CSF, prolactin, neural cilliatory factor, and 
growth hormone (Youssoufian et aL, 1998). The homol- 
ogy region includes a domain with four cysteines and 
another region containing a Trp-Ser-X-Trp-Ser amino 
acid motif close to the transmembrane domain which is 
required for receptor binding and activation (Yoshi- 
mura et aL. 1992; Quelle et aL, 1992; Miuxa et aL, 1993). 
Together, these receptors make up a superfamily of he- 
matopoietic cytokine receptors. 

The human EpoR gene includes a coding region sepa- 
rated into eight exons (Noguchi et aL, 1991; Maouche et 
aL. 1991; Penny and Forget, 1991). The coding region 
shares about 80% homology w^tn the murine EpoR, but 
little homology exists outside of this region (Youssou- 
fian et aL, 1990; Kuramochi etaL, 1990). Both the human 
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Fia 1. Human erythropoietin receptor (hEpoR) gene. The 15-kb ge- 
nomic fragment encoding hEpoR contains 2 kb 5' and 7 kb X of flanking 
DNA. The coding region is separated into eight axons with the single 
^snamembrane domain encoded in ezon 6 and the cytoplasmic domain 
encoded primarily in exont 7 and ft. The arrows 1 and 2 indicate the 
location of the primers used to detect the presence of the hEpoR 
tranagene. Arrows 3 and 4 indicate the location of primers osed to 
detect hEpoR raRNA. Por the detection of the endogenous murine 
EpoR mRN K specific primers located at positions S and 6 (in paren- 
theses) and at positions 3 and 4 were selected 



and murine EpoR genes contain binding sites for the 
erythroid GATA-1 transcription factor (AGATAA) and 
the ubiquitous Spl transcription factor (CCGCCC). im- 
mediately 6' of the transcription start site, but do not 
contain typical TATA or CAAT sequences In the vicinity 
of the cap site. The homology between the murine and 
human EpoR genes does not appear to extend to the IVS 
sequences or to the 6' region beyond the GATA-1 consen- 
sus binding region. We have previously shown that a 
fragment containing about 600 bp 5' of the transcription 
start site of the human EpoR gene could direct correctly 
initiated transcription in vitro (Noguchi et al, 1991). 
Transfection assays with promoter/reporter gene con- 
structs have also been used to characterize transcription 
activation of the EpoR gene (Noguchi et al t 199ft 
Maouche etal, 1994; Youssoufian, 1994) 



Construction of transgenic mice containing the 
hEpoR gene provides a means for determining cie- acting 
control regions which confer tissue and developmental 
stage specificity of hEpoR gene expression. In the pres- 
ent study transgenic mice were produced using the en- 
tire hEpoR coding region with 5' and 3* flanking regions 
(Noguchi et al, 1991). Tissues were analyzed to assess 
tissue specific tranagene expression and compared with 
expression of the endogenous EpoR gene. Multiple 
transgenic founders or breeding lines were examined to 
avoid ambiguities due to possible integration site depen- 
dency. Hie data indicate that the 15-kb cloned hEpoR 
gene contains sufficient information to direct tissue spe- 
cific expression in hematopoieticaily active tissues, but 
lacks regulatory elements which provide high levels of 
expression compared with the endogenous gene as well 
as elements which control brain specific developmental 
expression. 

MATERIALS AND METHODS 

DAW construct The 15-kb human DNA fragment con- 
taining the EpoR-encoding gene (Fig. 1) included 2-kb 
and 7-kb DNA flanking the EpoR coding region (No- 
guchi et al, 1991). This 15-kb DNA fragment was iso- 
lated from bacteriophage vector EMBL-8 SP6/T7 by 
digestion with restriction enzyme Sfll, purified by gel 
electrophoresis followed by electrocution and on an 
elutip-D column (Schleicher and Schuell, Inc.), and dia- 
lized into injection buffer (10 mAf Tris-HCl, pH 7.5, 0.1 
mJ/EDTA). 

Generation of transgenic mice. DNA was introduced 
into the male pronucleus of fertilized mouse oocytes by 



TABLE 1 
Primers poi PCR Analyses 



Primer set 



Senee (S'-fr) 



Antiaenae^-Sl 



hEpoR-gene 

hEpoR-cDNA 
mEpoR-ff»ne 

mEpoR-eDNAl 

mEpo-eDNAS 

hEpoR-cene-std 

hEpoR-cDNA-std 
mEpoR-gene-etd 

mEpoR-eDNA-l-etd 

m£-aetfal 

ntf-ectin* 



alia 



CAT CTO CCA CTT AGS GGC CGC TOO TCC 

OCA MG CCC tOQ TCA OCT GCG 
ACCAOCTCGGGOCGTCCCTCT 
OOC TCA CCA CTTOCC CA6 COT AAC AM 

CAOCAOGTCACTGC 
OGT TCT CCT CGC TAT CAC CGC ATC 
AAA CTC AGO OTC CCC CTC TOG CCT 
OCT CTT CAC CTG CGT TAG CCA CCT OCA 
6TO 

GCG TCC CTC TAG ACT TGC GOG T 
GAG CAG CTC ACT OCC ACT TGC CAC TOT G 
TAT CAC CGC ATC AAA CTC AGG CTC 
CCC CTO AAC CCT AAC CCC AAC CCT Q 
CCC CTG AAC CCT SAG CCC AAC CCT G 



CCT GCA CGC TCC AGC GTA GGG GTC CAC 

ACQ CAG CTC ATC CTT ACC TTT GC 
AGC TTC CAT OCC TCA TCC 
ATO GOT TOO ATC CCC AGA ACC ACC AAA 

ATT GCA TCC ATC T 
TCG AAC AGC GAA CGT GTA GCG CGT 
CAT GCG CTG ATA OCC AGO AGA ACC 
OCT CAT CCT TAC CCT TTG CTT CTG GCC 

CTGGACAGOT 
TOG CTC ATC CCC TAG GCG TCA G 
AATTGC ATGCATGTACCA ACACAC CCAG 
GOT GTA GCG CGT CCT CCC TCA CCT 
GGC ACT GGC CAT CTC CTO CTC GAA G 
ACC ACC AGA CAA CAC TOT GTT GGC 
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478, 411, iOS, and 418 when using the faEpoR-feoe, hEpoR-cDNA, mEpoR. 
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microinjection. Approximately 2 to 5 pi of DNA solution 
(1 to 5 jig/ml) waa injected to each fertilized embryo at 
the one cell stage. Incorporation of the transgene waa 
identified by PCR screening of genomic DNA isolated 
from pieces of tail from each mouse tested. PCR primers 
were chosen from the region 5' of the start of transcrip- 
tion and within IVS 1 with little or no homology between 
the human and murine sequences (Table 1). Primers 
specific for the murine EpoR gene were used for a posi- 
tive control for PCR (Table 1). 

cDNA preparation and PCR analysis. After anesthe- 
sia with avertin, mice were sacrificed and tissues were 
harvested. Perfusion through the left ventricle with 
PBS was used to remove as much blood as possible from 
tissues. Messenger RNA waa extracted and purified 
from bone marrow, spleen, brain, heart, kidney, and 
liver obtained from both normal and transgenic mice. 
Tissues were homogenised to a uniform suspension, di- 
luted with 2 vol of 10 mM Tris-HCl, pH 7.4, 1 mM EDTA 
(TE), centrif uged, and mRNA separated from the super- 
natant on an oligo<dT>-cellulose Spun Column (Phar- 
macia LKB Biotechnology). The total amount and con- 
centration of mRNA were determined by spectropho- 
tometry (O.D. at 260 nm) and confirmed by gel 
electrophoresis. An aliquot of 0.5 to 1.0 jig of mRNA in 
water treated with diethyl pyrocarbonate was used for 
cDNA preparation by reverse transcription (Gubler and 
Hoffman, 1988). Transcription of mRNA to cDNA was 
carried out using oligo(dT)u primers and avian myelo- 
blastoma virus (AMY) reverse transcriptase (Boehr- 
inger Mannheim) in a total reaction volume of 20 p\ in 
buffer containing 50 mM Tris-HCl, pH 8.5, 8 mA/MgCl a , 
30 mAf KG, 0.01 mAf DTT, 8U RNase inhibitor (Boehr- 
inger Mannheim), 1 §Jt each dNTP, and 40 U AMY re- 
verse transcriptase. The reaction was incubated at 42°C 
for 60 min. Products from the reverse transcription re- 
action were aliquoted and used directly for PCR analysis 
or frozen at -70°C. 

Primers for PCR were chosen to give specific products 
for the hEpoR gejoe, hEpoR cDNA, murine EpoR gene, 
murine EpoR cDNA, and murine 0-acttn (Table 1). 
Primers to detect hEpoR cDNA from tissues of 
transgenic mice were selected from exon 1 (sense) and 
exon 8 (antisense); for murine EpoR, one pair of primers 
was selected from exon 2 (sense) and exon 5 (antisense) 
and a second pair of primers was chosen from similar 
regions for detection of hEpoR cDNA; for 0-actin, prim- 
ers were selected to give two different sizes of PCR prod- 
ucts. PCR reactions were carried out using Ampli Taq 
DNA polymerase and Stoffel fragment (Perkin-Elmer 
Cetua) at a MgCl* concentration of &0 mM in a reaction 
volume of 50 fil The DNA thermal cycler was pro- 
grammed for 80 to 85 cycles (94°C for 1 min, 55*C for 2 
min and 72*0 for 3 min). 



PCR quantitation. Competitive PCR was used for 
quantitation of EpoR mRNA and to estimate transgene 
copy number. Internal standards were generated for 
each primer set by inserting a DNA fragment from else- 
where in the gene between the two specific primers. The 
standard for hEpoR cDNA was designed to give a PCR 
product distinguishable in size (418 bp) from the hEpoR 
cDNA (265 bp). This standard was generated by inser- 
tion of a cDNA fragment extending from exon 3 to exon 
5 using the primer set, hEpoR-cDNA-std (Table 1). 
Standards for human and murine genomic EpoR and 
murine EpoR cDNA were similarly constructed using 
primer sets hEpoR-gene-std, mEpoR-gene-std, and 
mEpoR-cDNAl-std (Table 1). The PCR conditions were 
similar to that described above with reactions contain- 
ing [a-^PJdCTP and 1 $i\ of serial dilutions of standard. 
Resultant PCR fragments (specific and standard) were 
analyzed by gel electrophoresis and radioactive count- 
ing of bands corresponding to sample (specific frag- 
ment) and competitor (standard). The concentration of 
the standard at which the intensity of the sample band 
and standard band are expected to be equal is used to 
determine the amount of sample present relative to the 
amount of standard. 

Hematological parameter* Blood was analyzed using 
a Coulter Counter (Coulter Counter, Inc.) and a Sysmex 
R-1000 (TOA Medical Electronics (U.SJL), Inc.) for red 
blood cell (RBC), white blood cell (WBC), platelet, and 
reticulocyte counts. Hemoglobin was determined using 
Drabkin's solution (Sigma) and spectrophotometry (540 
nm). Hematocrit was determined by microcentrif li- 
gation. 

Embryo preparation. Embryos were taken from preg- 
nant mice after gestation of 10, 12, 14, 16, and 18 days 
and dissected using stereo microscopy. Tissues (brain 
and liver) were immediately frozen in liquid nitrogen 
and prepared for mRNA extraction as described above 
Breeding of a male mouse homozygous for the transgene 
was used to obtain embryos containing the transgene. 

RESULTS 

Transgenic Mice 

We had previously cloned and sequenced the erythro- 
poietin receptor gene from a human placental genomic 
library (Nogucht et aL, 1991). The 15-kb genomic DNA 
fragment containing the human EpoR with 2 kb of 5' 
flanking sequence and 7 kb of 3* flanking sequence (Pig. 
1) was used to produce transgenic mice. To determine 
successful incorporation of the hEpoR transgene into 
the mouse genome, DNA was prepared from pieces of 
tail taken from each mouse to be tested. Presence of 
hEpoR in the mouse genome was determined by PCR 
analysis (Pig. 2). Primers for PCR screening of the 
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hgpoR #73 #156 #153 #49 #47 #46 #45 mouse 




.^♦k D<te€t T ti 1 * 1 *^ ^*»W«ieJn genomic DNA itolitod from mouse tails. The control lines (hEpoR end normal mouse) indicate the 
re*pectivel> . PCR analysis demonstrates the presence of the transgene in mice 78, 156, 49, 47, end 45. UneM Is the marker lane. 



transgene were selected from a region within the hEpoR 
with low homology to the murine EpoR in the 5' pro- 
moter region and IVS1 region and produced a specific 
PCR product of 303 bp (Table 1) from genomic DNA pre- 
pared from mice with successful incorporation of the 
transgene. Primers specific for the mouse EpoR gene 
were also used in PCR analysis as a control and produced 
a specific PCR product of 372 bp in all the mice tested 
(Pig. 2). The transgene was detected in 12 live births re- 
sulting from initial transplantation of oocytes injected 
with the transgene. Mice 47, 45, and 49 were chosen for 
further breeding to obtain progeny for further analysis. 

Hematological Parameters 

Hematological parameters were measured in both 
normal and transgenic mice. The six founders examined 
exhibited similar hematologic profiles as normal mice 
(Table 2). We found that the RBC count, WRC count, he- 
matocrit, and hemoglobin of hEpoR transgenic mice 
were within normal limits (Table 1). 

Tissue Specific Expression far EpoR 

Expression of the endogenous murine EpoR gene was 
determined in normal and transgenic mice by mRNA ex- 
traction, reverse transcription, and PCR analysis. Tis- 
sues from spleen, liver, kidney, heart, brain, and bone 



marrow were harvested and mRNA extracted. cDNA 
was produced from mRNA using an oligo(dT) w primer 
and reverse transcriptase. Specific primers for murine 
EpoR cDNA taken from exon 3 (sense) and exon 5 (anti- 
sense) (Table 1) were used to determine the presence of 
murine EpoR cDNA generated from mRNA obtained 
from the various tissues (Pig, 3). A mouse EpoR-specific 
PCR product of 372 bp was detected in spleen and bone 
marrow, both tissues with hematopoietic activity. No 
mouse EpoR-specific PCR product was detected in tis- 
sues lacking hematopoietic activity including liver, kid- 
ney, heart, and brain. Primers specific for 0-actin (spe- 
cific PCR product of 581 bp) was used in coamplification 
with the mouse EpoR to provide an indication of the rel- 
ative amounts of mRNA used in the assay. This pattern 
of expression for the endogenous murine EpoR gene was 
observed in all normal (six mice) and all transgenic ani- 
mals tested. Transgene expression was not observed in 
the thymus even after phenylhydrazine treatment of the 
transgenic mouse (data not shown). 

Tissue-specific expression of the transgene was deter- 
mined for hEpoR transgenic mice using similar PCR as- 
says and the primers indicated in Table 1. Figure 4 (left) 
illustrates the results from transgenic mouse 156. As 
with the expression of the endogenous EpoR, expression 
of the transgene was detected in spleen and bone mar- 
row, but not in heart, kidney, and liver. Surprisingly, 
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Hematological Parameters or fa EpoR Transgenic Mice 





RBC 
00%l) 


WBC 
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HCT 
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Hb 
(f/dl) 


Normal (6) 
Transgenic («) 


7.7 

7.7 ±1.0 


£5 ±1.0 
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Flo. 3. Tissue-spedSc expression of murine EpoR trenseripts. PCR 
analysis of mRN A from spleen, liver, kidney, heart, brain, and bone 
marrow (lanes 1 , 2, 3, 4. 5. and 6, respectively) harvested from a normal 
mouse was carried out using primers corresponding to mEpoRcDN Al 
(Table 1) to detect tissue specific expression of the endogenous murine 
EpoR gene (mEpoR). The mEpoR PCR product was detected in spleen 
and bone marrow. As a control, primers corresponding to md-actinl 
(Table 1) were selected for exemplification of murine 0-actin. Lane M 
is the marker lane. 



hEpoR transcripts were also detected in the adult brain. 
Restriction enzyme digestion was used to confirm that 
the expected PCR product provided the appropriate di- 
gestion pattern predicted from the hEpoR sequence. The 
PCR products were further analyzed by blot hybridiza- 
tion and only the fragment of the expected size hybrid- 
ized to a "P-labeled probe specific for hEpoR cDNA. To 
eliminate the possibility that expression of the 
transgene in the adult brain waa a consequence of the 
site of transgene integration, four additional transgenic 
mice (Nos. 8, 30, 33, and 73) derived from different mi- 
croinjections of the transgene into oocytes were exam- 
ined (Pig. 5). For these mice, analysis of mRNA pre- 
pared from various tissues indicated that the hEpoR 
transcripts could be detected in hematopoietically ac- 
tive tissues, spleen, and bone marrow, but not in liver, 
kidney, or heart Again, hEpoR transcripts were also de- 
tected in the adult brain (Fig. 5). The tissue specificity 



of transgene expression for these mice (Fig. 5) and the 
remaining six independent founders or lines of hEpoR 
transgenic mice generated (data not shown) are similar 
to the results observed for transgenic mouse 156 (Fig. 4). 

The level of transgene expression was determined us- 
ing quantitative PCR, in which the PCR amplification 
for human EpoR was carried out in presence of specific 
standard DNA (Fig. 6). The standards were designed to 
be coamplified to give a PCR product distinguishable in 
size from the human EpoR cDNA product (Table 1). 
When the standard is added in greater or lesser amounts 
than the level of hEpoR cDNA present, DNA amplifica- 
tion results in PCR products corresponding predomi- 
nantly to the standard or hEpoR cDNA PCR product, 
respectively. The PCR products corresponding to the 
standard and hEpoR cDNA are equal when the amount 
of standard added is the same as the amount of EpoR 
cDN A present. Quantitation of EpoR cDNA was carried 
out by adding [©-"PJdCTP and varying amounts of the 
standard. Determination of the radioactivity incorpo- 
rated into the specific PCR product corresponding to 
EpoR cDNA and to the standard was used to determine 
the amount of EpoR cDNA present in the reaction mix 
(Fig. 6). The level of transgene expression in the adult 
brain was found to vary from 4.7 X 1CT 4 to 17.6 X lO^ng/ 
fig mRNA (Table 3). The hEpoR transgene expression in 
bone marrow (3.8 X 10 _a ng/^g mRNA) and spleen (3.0 X 
10~*ng/*<g mRNA) was about 3 to 10 times higher than 
that observed in the adult brain "but waa as low as one 
log unit less than the levels of endogenous murine EpoR 
expression in bone marrow (L6 X 10~*ng/Vg mRNA) and 
spleen (8.0 X 10~ 'fig/jig mRNA) (Table 4). Quantitative 
PCR of genomic DNA from the transgenic mice indi- 
cated that the estimated copy number was low (about 5 
orless). 



Human EpoR 



Murine Eooft 




i k A °* i !^ U °* Uinw 'J** 1 ** «Prea«on of hEpoR and marine EpoR transcripts la transgenic moose 166. PCR analysis of mRNA from 
spleen. Ifr cr, kid ney, heart, brain, and bone marrow were analysed for eapreeskn of the hEpoR treaesene (lanes 1. 2. 3. 4, 5. and 6. respectively) 
and f« eipreaaioo of the endofrenoos murine EpoR gene <lsnes T. S, 9. 10. II. aod 12. respectively). Primer seta m*EpoR-cDNA2 and m*-setin* 
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Fio. 5. Tissue-specific expression of hEpoR in transgenic mice. PCR 
analyiia of mRNA from spleen, liver, kidney, heart, brain, and bone 
marrow (3, L, K, H, Br, and BM, respectively) harvested from 
transgenic mice 8, 30, 88, and 73 representing different lines was used 
to determine the presence of hEpoR transcripts. PCR fragments cor- 
responding to hEpoit transcripts were detected in spleen, brain, and 
bone marrow in all transgenic animals analysed. Lane M is the marker 
lane. 

DevelopmentaL Expression of Endogenous EpoR 

The developmental expression of the endogenous mu- 
rine EpoR gene was examined in embryos at Days 10, 12, 
14, 16, and 18 of development (relative to day zero when 
the vaginal plug appears in the pregnant female). In the 
f etai liver, which is known to be the hematopoietic organ 
during development, endogenous EpoR transcripts were 
detectable at Day 12 (when the liver could be identified 
by microscopic dissection) and later. The level of expres- 
sion decreased with development and was no longer de- 
tectable at birth or in the adult mouse (Pig. 7). Quanti- 
tative PCR analysis of murine EpoR transcripts was 
used to determine the amount of endogenous transcript 
present in the fetal liver during development (Table 4). 
The highest level of expression of the endogenous EpoR 
gene at 7.0 X 1<T l ng/« mRNA was detected in the fetal 
liver at Day 12 which was one log unit or greater than 
the levels detected in the adult tissues with hematopoi- 
etic activity (Table 4). The murine EpoR expression in 
the fetal liver decreased with increasing embryonic age 



to 5.0 X 10 - *ng/jcg mRNA at Day 18 and the endogenous 
EpoR gene appeared to be inactive after birth. 

Surprisingly, endogenous murine EpoR gene expres- 
sion was detected in the fetal brain. At Day 10, the level 
of murine EpoR expression in the brain was 4.7 X 10~* 
ng/ tig mRNA, greater than the level of endogenous 
EpoR transcripts detected in adult bone marrow or 
adult spleen (Table 4). EpoR expression in the brain con- 
tinued to decrease with development and was no longer 
detected at Day 16 or later. The peak level of EpoR ex- 
pression detected in the fetal brain (Day 10) was at least 
one log unit lower than the peak level of expression de- 
tected in the fetal liver (Day 12) and was generally at 
least two log units lower than the level of expression in 
the fetal liver at a comparable age. 

Expression of hEpoH Transgene in Fetal Brain 

Examination of embryonic brain tissue of transgenic 
mice revealed the presence of hEpoR mRNA throughout 
development Quantitation of the level of transgene ex- 
pression indicated that the activity of the transgene in 
brain remained steady from the early embryonic stage 
(Day 10) through birth and during adulthood at about 1 
X 10"* ng/pg mRNA (Table 4). This level is more than 
one and two orders of magnitude lower than the peak 
level detected for the endogenous EpoR in the embryonic 
mouse brain at 10 days and in the embryonic mouse liver 
at Days 12 and 14 (Pigs. 7 and 8), respectively. The per- 
sistent expression of the hEpoR transgene in the embry- 
onic and adult brain suggests that the transgene lacks 
the appropriate control elements necessary to regulate 
hEpoR expression in the developing brain. 

DISCUSSION 

We have made transgenic mice using the hEpoR gene 
contained within a 15-kb DNA fragment with 2 kb of 5' 
and 7 kb of y flanking sequence (Noguchi et al t 1991). 
Examination of tissue-specific RNA demonstrated that 
murine EpoR mRNA corresponding to expression of the 
endogenous EpoR gene could be detected in spleen and 
bone marrow, the expected hematopoietically active tis- 
sues, but not in liver, kidney, heart, and brain (Pig. 3) or 
thymus. RNA isolated from various tissues taken from 
hEpoR transgenic mice were also examined to deter- 
mine the transcription activity of the hEpoR transgene. 
Much of the hEpoR activity was restricted to low-level- 
specific expression in hematopoietically active tissues. 
Specifically, hEpoR transcripts were observed in spleen 
and bone marrow, indicating that the transgene con- 
tained sufficient information^ to provide tissue-specific 
expression (Pigs. 4 and 5). Tne expression of the EpoR 
gene in tissues with hematopoietic activity is likely to be 
related in part to the erythroid expression of GATA-1. 
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* * Q uant, * tio " °[ EpoR tranacripta uting competitive PCR. Standards for the marine EpoR cDNA and hEpoR cDNA ware constructed 
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I " „!i?!7 °L??"* I* 9 *° m ttt8ae ,pecifie mRNA Md f«-"WIP were analyzed using PCR amplification and primers eorre. 

litan^SdS^^i ( T VJ? corresponding to the mEpoR or hEpoR PCR fragment (open circles) and to the 

> Pl0ttad tgaintt * mount of •tandard «« reaction. The point at which the two lines intersect is used to 
£ quantitate the corresponding amount of EpoR tranacripta. Unc Mis the marker lane. 



m In transection assays, increasing GATA-1 levels trans- 
£ activates transcription activity of the murine EpoR gene 
I (Zon et al t 1991; Chiba et aL, 1991) and the human EpoR 
§ gene (Noguchi et aL, 199% Maouche et aL, 1994) mediated 
3 via 6ATA-1 binding sites in the promoter and elsewhere 
*<Heberlein et aL, 1992). Although the fetal liver is the 
I rite of erythropoiesis during embryonic development, 

3 the lack of EpoR expression in the adult liver is consis- 
g tent with the loss of erythropoiesis in the liver at birth. 
£ Also of interest is the fact that while Epo is produced in 
© the adult kidney, no EpoR mRNA was detected in the 
H Wdney. The lack of endogenous and transgene expres- 
g sion in the adult liver, kidney, heart, and thymus sug- 

4 gests that the transgene contains the appropriate regu- 
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latory elements to silence the hEpoR gene in a tissue- 
specific manner. 

The levels of transgene expression were about one or- 
der of magnitude less than that of the endogenous gene 
(Tables 3 and 4). This could be due to omission of an en- 
hancer located more distal from the gene beyond the 2 
kb or 7 kb 9 of the flanking region included in the 
transgene construct For example, for the 0-globin clus- 
ter contains a locus control region (LCR) consisting of 4 
DNase I hypersensitive sites located in the upstream 6' 
flanking region which provides high-level and site-in- 
tegration-independent expression of globin genea in 
transgenic mice (Fraser et aL, 1993). Although 0-gIobin 
gene expression can be detected in erythroid tissues in 
transgenic mice without the incorporation of the LCR 
into the 0-globin transgene construct, only very Low lev- 
els of globin expression are observed. Inclusion of the 
LCR results in high level expression which can be com- 
parable to levels of the endogenous gene in erythroid tis- 
sues depending on the construct used and developmental 
phase examined. 

A repetitive element localized to the 1-kb 5' region of 
the murine EpoR which is capable of transcriptional in- 
hibition of the murine EpoR has gently been identified 
(Youssouflan and Lodish, 1993). While no analogous se- 
quence has yet been observed in the human EpoR, it is 
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TABLE 4 

Quantitation op House and Human EpoR mRNA 

Bone 





Brain 


Liver 


marrow 


Spleen 


Age* 


(ng) 


(ng) 


(ng) 


(ng) 






Normal 






10 d 


4.1 X lO' 1 








12 d 


2.7 X10- 1 


6.0 X10" 1 






Ud 


1.0 X10" 4 


3.0 X 10~ l 






16 d 


0 


i.o x ur 1 






18d 


0 


2.4 X 10~* 






Adult 


0 


0 


18X10'* 


8.0 xlO" 1 






Transgenic 






lOd 


1.2 XlO"* 








12 d 


L0X10-* 








Ud 


1.2 XHT* 








16d 


1.2 X NT* 








18 d 


L3X10-* 








Adult 






8.8 x io* 1 


3.0X10-* 



• Indicates age of embryos in days. 



possible that the presence of such a sequence in the 
transgene without appropriate flanking regions could 
result in a low level of activity when the gene is ex- 
pressed. 

The hematological parameters of the transgenic mice 
were within normal limits (Table 2). The low level of 
transgene expression compared to the endogenous levels 
indicates that if translated into protein, the increase in 
the number of EpoR produced would be minimal. Fur- 
thermore, it is unclear that increasing the level of EpoR 
in cells already expressing EpoR would render those 
cells more sensitive to erythropoietin or have an adverse 
effect During erythorpoiesis, the early erythroid pre- 
cursors, BFU-E, have a significantly lower number of 



EpoR on the cell surface and do not appear to requir 
erythropoietin for cell proliferation (Youssou&an et at 
1993). As these cells mature into later erythroid precur 
sors, CFU-E, they become dependent on erythropoietic 
for cell proliferation and cell survival as erythropoieti: 
appears to forestall apoptosis in these cells. In CFIM 
the number of EpoR dramatically increases in excess o 
1000 per cell (Broudy et al, 1991). However, there is n* 
evidence to suggest that the increase in EpoR alone ren 
ders these cells erythropoietin sensitive. In tissue cul 
ture, OCIM1 erythroleukemia cells have about 300 
EpoR per cell and yet these cells are not dependent oi 
erythropoietin for growth nor are they erythropoieti t 
responsive (Papayannopoulou et al, 1988). 

The detection of hEpoR transcripts in the brain w* 
observed in all the transgenic mice assayed (Figs. 4 anc 
5). Brain hEpoR transcripts were found in mice repre- 
senting all 12 different integrations (founders) of tht 
hEpoR transgene generated, indicating that this obser- 
vation is not likely due to aberrant transcription result- 
ing from site-specific integration of the transgene. Ex- 
amination of expression in the embryonic brain ol 
transgenic mice indicated that hEpoR transcripts were 
also detected in the brain during early embryonic devel- 
opment (Fig. 7). The level of hEpoR detected in the brain 
during embryonic development was comparable to the 
level detected in the adult transgenic mouse brain 
(Pig. 8). 

The hEpoR expression in non hematopoietic tissue is 
perhaps linked to transactivation of EpoR by GATA-1 
(Zon et al, 1991; China et al, 1991; Noguchi et al, 1992; 
Maouche et al, 1994) and the detection of other GATA- 
like proteins, GATA-2 and GATA-3, in the embryonic 
brain (Yamamoto et al, 1990). Although GATA-1 ap- 
pears to be restricted largely to hematopoietic cells (Ev- 
ans and Felsenfeld, 1989; Tsai et al, 1989; Martin et al, 
1990; Romeo et al, 1990), recent data suggest that the 
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PIG. 8. Quantitation of EpoR transcripts in mouse embryos. Levels 
of the endogenous murine EpoR mRNA in brain (open circles) end 
Hver (open trilogies) of normal embryos beginning at Day 10 and ex- 
tending to birth were quantiuted by PCR. The level of transgeoe 
hEpoR expression was also determined in brain (dosed circles) during 
embryonic development 



GATA consensus sequence, AGATAA, contained in the 
antisense direction in the proximal promoter for the 
hEpoR can bind GATA-1, GATA-2, and GATA-3 with 
similar specificity (Merika and Orkin, 1993; Ko and En- 
gel, 1993). 

During the early stages of gestation, erythropoiesis 
occurs in the yolk sac The site of erythropoiesis shifts 
to the fetal liver during fetal life. In the adult, the major 
site of erythropoiesis is the bone marrow and spleen. Ex- 
pression of the endogenous murine EpoR gene was de- 
tected in the fetal liver and at Day 12 was up to two log 
units greater than the level of endogenous EpoR tran- 
scripts detected in the adult hematopoietically active 
tissues (spleen or bone marrow) (Table 4). After Day 14, 
the level of endogenous murine EpoR transcripts in the 
fetal liver rapidly decreased with maturation and mu- 
rine EpoR transcripts in the liver were no longer de- 
tected at birth (Pig. 8). During this time the proportion 
of CFU-E has bean reported to decline from 5.9 to 0.3% 
with a comparable proportional decrease in the number 
of Epo binding sites per liver eell (Masuda et aL, 1992). 
The decreased production of EpoR mRNA in the fetal 
liver appears to follow the decreased production of ery- 
throid precursors. 

Examination of the fetal brain also indicated that the 
endogenous murine EpoR gene was active (Fig. 7). Mu- 
rine EpoR RNA transcripts were detected during early 
(Day 10) embryonic development of the brain at a level 
comparable to the level observed in the adult spleen and 
bone marrow (Table 4), and one order of magnitude less 
than the maximal levels observed in the fetal liver (on 
Day 12). Expression of the endogenous murine EpoR 
gene in the embryonic brain decreased with maturation. 



By Day 16, endogenous murine EpoR transcripts in the 
embryonic brain could no longer be detected. The pres- 
ence of murine EpoR RNA transcripts in the embryonic 
brain suggests a possible additional role for the eryth- 
ropoietin receptor beyond that usually associated with 
erythropoiesis. [t is possible that the hEpoR transcripts 
detected in the adult brains of hEpoR transgenic mice 
mimic the normal tissue expression, which is ordinarily 
below detection limits. Alternatively, the persistent ex* 
pression* of the hEpoR transgene in the adult brain 
might be due to the lack of appropriate control elements 
to silence hEpoR expression in the adult brain or that 
the regulatory elements for murine EpoR expression are 
different from that for hEpoR. For example, regulatory 
elements within IVS 1 (Heberlein et at, 1992) and within 
a repetitive sequence in the 5' region of the EpoR encod- 
ing gene (Youssoufian and Lodish, 1993) have been sug- 
gested for the murine EpoR, but no comparable se- 
quences have yet been identified for the human EpoR. 

These data suggest that erythropoietin may have a 
yet unidentified function when binding to nonery- 
throid cells. Recently, EpoR mRNA transcripts have 
been found on PC12 cells with neural characteristics 
derived from rat adrenal medulla (Masuda et ol, 
1993). These cells exhibit functional erythropoietin 
receptors on their surface. We have observed expres- 
sion of hEpoR in human neuroblastoma and glial cell 
lines (unpublished results). Significant levels of func- 
tional erythropoietin receptors have also been de- 
tected on human umbilical vein endothelial cells and 
bovine pulmonary artery endothelial cells (Anagnos- 
tou et oi, 1990, 1994; Carlini et ol, 1993) and in embryo- 
nal 8 tern cells (which lack significant amounts of 
GATA-1) (Heberlein et aL t 1992). Detection of EpoR 
transcripts in the embryonic or adult brain does not 
demonstrate that these tissues contain a functional 
surface receptor capable of binding erythropoietin. 
For example, although GATA-1 and EpoR gene ex- 
pression are linked in nonerythroid 32D cells, the lim- 
itation of Epo binding to cells with erythroid charac- 
teristics suggests that other factors are also necessary 
for EpoR protein translocation to the cell surface in 
erythroid-specific lineages (Migliaccio et al, 1991). 
Nevertheless, the fact that erythropoietin is able to 
stimulate the response of PC12 neuronal cells or um- 
bilical vein endothelial cells in culture raises the pos- 
sibility that the endogenous murine EpoR transcripts 
detected in the early embryonic brain could have a 
function alternative to the stimulation of erythropoi- 
esis. That neuropoiesis and hematopoiesis may be 
linked is suggested by the in vitro stimulatory effect 
that neuropeptide substance £ has on hematopoiesis 
for erythroid and granulocytic progenitors (Ramesh- 
war et at, 1993). EpoR expression may be involved in 
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the development of the brain, a possibility consistent 
with recognised the similarities of neuropoietic and 
hematopoietic cytokines (Bazan, 1991). 

We tbmnk H. Hlrume, E. P. Peten, and L. Striker for technical ad- 
Wee, Kan Shea for technical aaeiiUoce, and J. G. Yuan and 
A. N. Schechter for helpful discussion. 
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The erythropoietin receptor (EpoR), known for its role in the proliferation and differentiation of erythroid cells, 
has been detected in nonhematopoietic tissues. We have reported previously that in addition to hematopoietic 
expression, EpoR is expressed at high levels in embryonic mouse brain and decreased to nondetectable levels 
by birth. While using transgenic mice to characterize human EpoR expression, we observed that a 15-kb human 
EpoR transgene (expressed in hematopoietic tissues but at a reduced level) also exhibited in the embryonic 
brain low levels of expression that persisted through adulthood. To examine further the basis of tissue and de- 
velopmental specificity of the human EpoR gene, we produced additional transgenic mice using an 80-kb hu- 
man EpoR genomic fragment isolated from a PI phagemid human library. We found that this transgene is ex- 
pressed appropriately in hematopoietic tissues (including yolk sac, fetal liver, adult spleen, and bone marrow) 
at levels comparable to the endogenous murine EpoR. The 80-kb transgene also provided high-level expression 
in the embryonic brain that paralleled the levels of the endogenous murine EpoR and was no longer detectable 
after birth. These data suggest that the high level of embryonic brain expression may be relevant to the human 
EpoR gene and that the transgenic mouse with an 80-kb fragment is a suitable model for studying the regulation 
and possible functional importance of human EpoR expression in the developing embryo. 



INTRODUCTION 

The human EpoR gene encodes a single polypeptide 
of 508 amino acids in eight exons with a single trans- 
membrane spanning region (1). Erythropoietin bind- 
ing to its receptor stimulates phosphorylation and 
other signal transducing events, mediated via activa- 
tion of JAK2 (2). The EpoR shares homology with 
other receptors such as receptors for interleukins 2-7 
(IL2-IL7), granulocyte colony-stimulating factor 
(G-CSF), granulocyte-macrophage colony-stimulat- 
ing factor (GM-CSF), leukemia inhibiting factor 
(LDF), and ciliary neurotropic factor (CNTF) that 
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compose a superfamily of hematopoietic cytokine re- 
ceptors (3). The coding regions for the human and 
murine EpoR genes share a high degree of homology 
(82%), and their proximal promoters contain binding 
sites for the transcription factors GATA-l(at -49 bp 
5'). a largely erythroid specific factor, and SP1 (at -19 
bp 5 # ) but no TATA sequences (1,4). However, the 
homology does not appear to extend 5' beyond the 
GATA-1 binding motif. The murine EpoR contains 
within 481 bp 5' of the coding region three potential 
protein-binding CACCC motifs, which have been 
shown to be important in regulation of globin gene 
expression in erythroid cells (4). In contrast, the hu- 
man EpoR contains several CACCC sequences be- 
yond 500 bp upstream from the coding region, but de- 
letion of these motifs does not have a major effect on 
transcription activity of the proximal promoter (5). 
The 5' flanking region of the human EpoR gene con- 
tains several stretches of species-specific Alu-repeti- 
tive elements that may be important for downregulat- 
ing the promoter activity in nonerythroid cells (1,6). 
The murine EpoR gene contains a species-specific se- 
quence located between -1703 and -1063 bp 5' and 
associated with negative regulation that does not ap- 
pear to be tissue-specific or specific for the EpoR pro- 
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moter (7). These differences raise the possibility that 
the human and murine EpoR expression may exhibit 
species-specific expression patterns. 

Binding of erythropoietin to its receptor results in 
the proliferation of erythroid progenitors and differen- 
tiation along the erythroid pathway, with subsequent 
activation of the production of the erythroid transcrip- 
tion factor GATA-1, the heme biosynthetic enzymes, 
and hemoglobin (3). It is likely that the appearance of 
EpoR on nonhematopoietic cells (e.g., endothelial 
cells) is related to the mitogenic effect of erythropoi- 
etin or is a viability factor in preventing apoptosis (8). 
Functional EpoR also has been observed on neuronal 
cells, and erythropoietin has been reported to support 
survival of damaged neurons in vivo (9,10). 

We have observed significant levels of transcripts 
from the endogenous mouse EpoR gene in the early 
embryonic brain, which was downregulated with de- 
velopment (11). We also found that transgenic mice 
produced with a 15-kb human EpoR genomic DNA 
fragment provided reduced expression in hematopoie- 
tically active tissues but also provided in the mouse 
brain a low level, of expression that persisted through 
adulthood. To address the reasons for reduced expres- 
sion in hematopoietic tissue and the basis for the neural 
expression of the EpoR gene and to determine whether 
the difference in human and mouse EpoR brain expres- 
sion was due to species-specific regulatory mecha- 
nisms, a PI phagemid library was screened to obtain 
larger human genomic DNA fragments containing ad- 
ditional flanking regions of the EpoR gene. Transgenic 
mice produced with this longer (80-kb) human ge- 
nomic DNA fragment were found to mimic the pattern 
of EpoR expression observed for the endogenous mu- 
rine EpoR gene in both hematopoietic tissues and 
brain. These data suggest that the high level of EpoR 
embryonic brain expression observed in the mouse is 
relevant to the human EpoR gene and that these EpoR 
transgenic mice are a suitable model for investigating 
the regulatory basis for that expression and its possible 
functional significance. 



MATERIALS AND METHODS 
Preparation of DNA for Microinjection 
DNA containing the human EpoR gene in bacterial 
phage lambda or PI phagemid (Genome Systems Inc, 
St. Louis, MO) was harvested from bacterial cultures 
by alkaline lysis. From CsCl 2 purified phage DNA, 
the DNA fragment containing 15-kb human EpoR 
was recovered after restriction enzyme digestion and 
gel purification. The phagemid containing the 80-kb 
human EpoR was purified using GeneClean (Bio 101 
LaJolla,CA). 
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Production of Transgenic Mice 

Purified DNA containing the human EpoR gene was 
injected into fertilized eggs and reimplanted into 
pseudopregnant foster mothers. Polymerase chain re- 
action (PCR) with tail DNA was used for rapid 
screening of 2-week-old offsprings. Mice containing 
human EpoR transgene were bred for further analysis. 
Primers used to detect the human EpoR transgene 
were 5 '-GTTCGAGAGCAAAGGTAAGG-3' (sense) 
aiKi5'-CGAT(^CK}AGTCITGGATCC-3' (antisense). 



Screening for EpoR Expression Using RT-PCR 

Total RNA was prepared from adult and staged em- 
bryos. Reverse trarocriptase-PCR (RT-PCR) analysis 
was carried out using the GeneAmp RT-PCR kit (Peritin 
Elmer, Foster City, CA). Primers used to detect the hu- 
man EpoR transcript were from exons 1 and 3: 5'-ACC- 
AOHCGGGGCXnmnur-3' (sense) and 5'-AGC- 
TTCCATGGCTCATCC-3' (antisense). Primers used to 
detect the mouse EpoR transcript were from exons 1 
and 3: 5 ' - AAACTC AGGGTGCCCCTCTGGCCT-3 ' 
(sense) and 5'-GATGCGGTGATAGCGAGGAGA- 
ACC-3' (antisense). Control primers for the mouse ribo- 
somal protein sl6 were: 5 ' -CTGG AGCCTGTTTT- 
GCTTCTG-3' (sense) and 5 '-TGAG ATGGACTGTC- 
GGATGG -3' (antisense), which give a 110-bp band for 
cDNA and a 198-bp band for genomic DNA. 



Quantitation of EpoR mRN A 

PCR standards for quantitation of human and murine 
EpoR were generated to provide a PCR product of 
different size when coamplified with sample, as previ- 
ously described (1 1). Quantitation was carried out us- 
ing exemplification with serial dilutions of standard at 
known concentrations. Initially, PCR reactions were 
used, with increasing amounts of sample and concom- 
itant decreasing amount of standard, using two-fold 
increases or decreases to estimate the dilution where 
sample and standard PCR products had similar inten- 
sities when analyzed by gel electrophoresis. A second 
set of PCR reactions was used, with a fixed amount of 
sample and increasing amount of standard bracketing 
the crossing point determined by the first set of PCR 
reactions and analyzed by gel electrophoresis. Alter- 
natively, to conserve the total amount of sample needed, 
the amount of standard was fixed and the amount of 
sample was varied. Band intensities (corrected for 
fragment size) were plotted, and the crossing point at 
which the intensity of the standard equals the intensity 
of the sample provided an estimate for the amount of 
EpoR cDNA present in the sample. 




RESULTS 

Previously, we have reported on the expression of the 
endogenous murine EpoR gene and a 15-kb human 
EpoR gene in transgenic mice (11). During develop- 
ment, the endogenous EpoR is expressed at high level 
in the fetal liver between days 12 and 14 (Fig. 1), 
when the site of erythropoiesis switches from the yolk 
sac to the fetal liver (11). The level of EpoR expres- 
sion in the liver decreases with age and no longer is 
detectable at birth or in the adult. Examination of en- 
dogenous EpoR transcripts in the embryonic brain re- 
vealed significant levels at embryonic day 10 compa- 
rable to levels observed for adult spleen and bone 
mairow. The level of endogenous embryonic brain 
transcripts decreased with development, parallel to 
the decrease observed in fetal liver. Hie 15-kb human 
EpoR transgene was expressed appropriately in adult 
spleen and bone marrow, indicating that it contained 
sufficient information to direct appropriate expression 
in hematopoietic tissues, although expression of the 
transgene was three- to four-fold lower than that of 
the endogenous EpoR gene. Transgene expression was 
not detected in raRNA harvested from heart, kidney, 
or liver, as expected for an appropriately regulated 
EpoR gene. In contrast, low level of human EpoR ex- 
pression (but not endogenous EpoR expression) was 
detected in adult brain. Analysis of embryonic brain 
expression of the 15-kb transgene indicated that the 
transgenic EpoR transcripts were expressed in day 10 
brain but at two orders of magnitude lower than that 
of the endogenous gene (see Fig. 1), and persisted at 
this low level throughout development to adulthood. 

We screened a human PI phagemid library using 
PCR primers specific for the 3' and 5' region of hu- 
man EpoR gene. We isolated two different clones 
containing the original 15-kb human EpoR DNA frag- 
ment with extended 3' and 5' regions. One of these 
was chosen for the further production of transgenic mice. 
RT-PCR analysis was used to determine transgene ex- 
pression in bone marrow, liver, spleen, brain, and 
heart and was analyzed by agarose gel electrophoresis 
(Fig. 2). To distinguish PCR products specific for 
EpoR cDNA from nonspecific bands, we used South- 
ern blot hybridization with a probe specific for human 
or mouse EpoR that would not cross-hybridize to the 
PCR primers used (see Fig. 2 a and b). High-level ex- 
pression of the transgene was observed in spleen and 
bone marrow (see Fig. 2b, right) comparable to that 
observed for the endogenous EpoR gene (see Fig. 2, a 
and b right). No human or mouse EpoR-specific PCR 
products were detected for adult liver, brain, or heart. 
RT-PCR of the chromosomal protein si 6 was used as 
a control (see Fig. 2c). 

We used a modified quantitative RT-PCR analy- 
sis of EpoR expression that also allowed for determi- 




10 12 14 16 18 20 

Day 



Figure 1. Quantitation of (EpoR) transcripts in mouse em- 
bryos. 

Levels of the endogenous murine erythropoietin receptor (EpoR) 
mRNA in brain (open circles) and liver (open triangles) beginning 
at day 1 0 and extending to birth were determined by quantitative re- 
verse transcriptase-polymerase chain reaction. The level of 15-kb 
transgene hEpoR expression also was determined in brain (closed 
circles) during embryonic development. (Reprinted with permis- 
sion from Reference 1 1.) 



nation of EpoR RNA transcripts in the small amounts 
of yolk sac and early embryonic brain (Fig. 3). Analy- 
sis of hematopoietic tissues indicated that this 80-kb 
human EpoR transgene was expressed correctly in 
yolk sac, fetal liver, adult spleen, and adult bone mar- 
row (Table 1). These levels were comparable to ex- 
pression of the endogenous murine EpoR gene (Fig. 
4). In the embryonic brain at day 12, the 80-kb trans- 
. gene expression was 80% of that observed for the en- 
dogenous murine EpoR expression and approximately 
an order of magnitude greater than expression ob- 
tained with the 15-kb transgene. As with the endoge- 
nous gene, the 80-kb transgene expression in the brain 
was downregulated with development to nondetect- 
able levels by 2 months after birth. These data suggest 
that although the 15-kb transgene containing the hu- 
man EpoR gene is able to direct moderate expression 
in hematopoietic tissues, it is not able to maintain ap- 
propriate control in nonhematopoietic tissue (i.e., 
brain) because additional flanking sequences are re- 
quired. Also, trie significant levels of EpoR transcripts 
detected in the embryonic brain suggest a possible 
role for the EpoR in brain development, including the 
human, and an alternate function for EpoR in addition 
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Figure 2. Expression of the 80-kb hu- 
man erythropoietin receptor (EpoR) 
transgene. 

Polymerase chain reaction (PCR) analysis 
was used to determine the presence of hu- 
man EpoR transcripts in bone marrow (lane 
1), liver (lane 2), spleen Qane 3), brain (lane 
4), and heart (lane 5). Specific primers for 
the mouse and human EpoR were used to de- 
tect the endogenous mEpoR (a) and the 
hEpoR transgene (b), respectively. Both the 
endogenous gene and the transgene were de- 
tected in the bone marrow and the spleen. 
The left panels are ethidium bromide- 
stained gels, and the right panels are South- 
ern blot analysis of the corresponding gels, 
using EpoR-specuic probes. As control, the 
same cDNA samples were used also for am- 
plification, using PCR primers for ribosomal 
protein $16 (c). 



to its role in the proliferation and differentiation of 
erythroid cells. 



DISCUSSION 

A 15-kb human EpoR transgene contained sufficient 
regulatory sequences to direct a relatively low level'of 



hematopoietic expression in spleen and bone marrow 
(1 1). By using an extended transgene of 80-kb that in- 
cluded more 3' and 5' flanking sequence, the human 
EpoR transgene provided hematopoietic expression in 
adult tissues (spleen and bone marrow) as well as em- 
bryonic yolk sac and fetal liver, close to levels ob- 
served for the endogenous EpoR gene. The homology 
beyond the coding region and proximal promoter for 
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Figure 3. Analysis of erythropoietin re- 
ceptor (EpoR) transcripts in 12-day em- 
bryonic brain. 

cDNA from 12-day embryonic brain were 
used for competitive polymerase chain reac- 
tion (PCR). Lanes 1-7 correspond to PCR 
reaction mixtures with 16, 8, 4, 2 X 1, 0.5, and 
0.25 volumes of sample cDNA and one vol- 
ume of standard DNA for mouse EpoR at 
13 X 10~* p-g/pi. Lanes 8-14 contain simi- 
lar volume ratios with standard DNA for hu- 
man EpoR at 1.0 X 10~ 9 u,g/uJ. The intensi- 
ties of the bands corresponding to each PCR 
product were determined, adjusted for frag- 
ment size and plotted against the volume ratio 
of standard to sample (V-standard:V-sample) 
used in the reaction. The volume ratio at 
which the two lines cross is used to calculate 
the sample cDNA concentration. Open cir- 
cles indicate intensities for the sample bands; 
filled circles indicate intensities for the stan- 
dard bands. 
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Table 1. Expression of human erythropoietin receptor 
transgene in hematopoietic tissues 



Tissue 


cDNA(fg)/RNA(ug) 


Yolk sac 


110 ± 10 


Fetal liver 


284 ±22 


Adult spleen 


3.1 ± 1.4 


Adult bone marrow 


6.1 ± 1.1 



the human and murine EpoR genes is limited, and the 
15-kb human EpoR transgene provided a low but per- 
sistent level of expression in the embryonic and adult 
brain. In contrast, the endogenous murine EpoR and 
the 80-kb human EpoR transgene provided significant 
levels of expression in the embryonic brain, compara- 
ble to levels detected for adult bone marrow. Brain 
expression decreased with development to nondetect- 
able levels by 2 months after birth. These data suggest 
that EpoR may play a role in brain development and 
that the human EpoR transgenic mouse produced with 
the 80-kb transgene can be a useful model for study- 
ing the expression of the human EpoR in the brain. 

The biological significance of EpoR expression 
in the embryonic brain may be related to the neuronal 
expression of other members of the hemotopoietic cy- 
tokine receptor superfamily, such as receptors for 
L1F» CNTF, and gpl30 (12). These receptors function 
by formation of homomultimeters or heteromultimers 
and exhibit neurotrophic properties. LIF and CNTF 
can support the survival of primary embryonic sen- 
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Figure 4. Quantitation of erythropoietin receptor (EpoR) ex- 
pression in different tissues. 

Expression level of the 80-kb transgene was comparable to that of 
the endogenous EpoR in hematopoietic tissues, 12-day liver 
(12dLiver) and adult bone marrow (AdBM). In 12-day embryonic 
brain (12dBr), the 80-kb transgene was expressed at a level similar 
to the endogenous EpoR gene and, in adult brain (AdBr), both the 
transgene and the endogenous gene were undetectable at a resolu- 
tion of 10- J fg cDNA/per jig of RNA. 



sory neurons in culture. In view of the structural rela- 
tionship between EpoR and receptors for LIF, CNTF 
and gpl30, it is possible that EpoR may be involved 
in other signaling processes in addition to the stimula- 
tion of erythroid cell proliferation and differentiation. 
As with receptors for LIF, CNTF, and gp!30, other 
proteins on neural cells may be involved in the inter- 
action with cytokine stimulus, and EpoR may act as a 
partner in a heteromultimeric receptor complex. 

Although EpoR has long been recognized for its 
role in erythropoiesis, recent data show that expres- 
sion (and possibly function) is not restricted to he- 
matopoietic tissues. Human umbilical vein endothe- 
lial cells contain EpoR mRNA, express EpoR on their 
surface, and respond to erythropoietin stimulation (8). 
EpoR brain expression may be related to EpoR ex- 
pression on vascular endothelium and the develop- 
ment of brain vasculature. PC12 cells that exhibit neu- 
ronal characteristics express EpoR and exhibit an 
erythropoietin response (9). Septal cholinergic cell 
line SN6 and primary septal neurons express EpoR 
and respond with elevated choline acetyltransferase 
activity on erythropoietin stimulation, and Epo im- 
proves the survival rate of injured neurons in vivo 
(10). Digicaylioglu et al. (13) recently have shown 
that I 125 erythropoietin is capable of binding to spe- 
cific areas of adult brain, suggesting that despite the 
downregulation of the EpoR message by birth, func- 
tional EpoR protein still is expressed in the adult 
brain. We also have detected EpoR expression in hu- 
man neuronal cell lines (NT2 and SHY5Y) and on 
preliminary screening of mRNA derived from human 
fetal brain, at approximately 20 weeks (CloneTech, 
Palo Alto, CA). The expression of erythropoietin in 
brain would increase the significance of these find- 
ings of brain EpoR expression. Such a possibility is 
suggested by the report on the oxygen-dependent pro- 
duction of erythropoietin in astrocytes cultured from 
rat fetus (14). Erythropoietin production with appro- 
priate oxygen response further suggests the possibility 
that Epo/EpoR expression in the brain may act as an 
oxygen sensor. These studies together with the data in 
this article suggest that EpoR may play a role in the 
embryonic development of the brain or, possibly, 
brain vasculature development. 

Recent reports on the EpoR knockout mouse indi- 
cate that EpoR expression is required absolutely for de- 
velopment (15,16). Homozygous EpoR knockout mice 
do not survive beyond day 13 5 and die in utero due to 
insufficient hematopoiesis. Selective rescue of these 
mice with hematopoietic-specific expression of EpoR — 
by mating with transgenic mice with transgene expres- 
sion restricted to hematopoietic tissues — should be use- 
ful in determining the iunctional significance of EpoR 
brain expression in the developing and adult brain. 



E000O8O 



C0O024639 



454 



Proceedings of the Association of American Physicians 108:6 November 1996 



ACKNOWLEDGMENT 

We thank Dr. Alan N. Schechter for suggestions in 
preparation of the manuscript 



REFERENCES 

1. Noguchi C.T., Bae K.J., Chin K., et al. Cloning of the 
human erythropoietin receptor gene. Blood 78: 2548- 
2556, 1991. 

2. Witthuhn Bj\., Quelle F.W., Silvennoinen O., et aL 
JAK2 associates with the erythropoietin receptor and is 
tyrosine phosphorylated and activated following stimu- 
lation with erythropoietin. Cell 74: 227-236, 1993. 

3. Youssoufian H., Longmore G., Neumann D., et al. 
Structure, function, and activation of the erythropoietin 
receptor. Blood 81: 2223-2236, 1993. 

4. Youssoufian H., Zon L.L, Orkin S.H., et al. Structure 
and transcription of the mouse erythropoietin receptor 
gene. Mol Cell Biol 10: 3675-3682, 1990. 

5. Chin K., Oda N., Shen IC, and Noguchi C.T. Regulation 
of transcription of the human erythropoietin receptor 
gene by proteins binding to GATA-1 and Spl motifs. 
Nucleic Acids Res. 23: 3041-3049, 1995. 

6. Maouche L., Cartron P.C and Chretien S. Different do- 
mains regulate the human erythopoietin receptor gene 
transcription. Nucleic Acids Res. 22: 338-346, 1994. 

7. Youssoufian H. and Lodish H.F. Transcriptional inhibi- 
tion of the murine erythropoietin receptor gene by an 
upstream repetitive element Mol Cell Biol 13: 98- 
104, 1993. 



8. Anagnostou A., liu Z., Steiner M, et al. Erythropoietin 
receptor mRNA expression in human endothelial cells. 
Proc. Natl Acad Set U.SA. 91: 3974-3978, 1994. 

9. Masuda S., Nagao M., Takahata K., et aL Functional 
erythropoietin receptor of the cells with neural charac- 
teristics. Comparison with receptor properties of eryth- 
roid cells. /. Biol Chern. 268: 11208-11216, 1993. 

10. Tabira T., Konishi Y. and Gallyas F. Jr. Neurotrophic 
effect of hematopoietic cytokines on cholinergic and 
other neurons in vitro. Int J Dev Neurosci 13: 241-252, 
1995. 

1 1. Liu Z.Y., Chin K. and Noguchi C.T. Tissue specific ex- 
pression of human erythropoietin receptor in transgenic 
mice. Develop. Biol 166: 159-169, 1994. 

12. Kishimoto T. Signal transduction through homo- or het- 
erodimers of gpl30. Stem Cells 12: 37-45, 1994. 

13. Digicaylioglu M., Bichet S., Marti H.H., et al. Localiza- 
tion of specific erythropoietin binding sites in defined 
areas of the mouse brain, Proc. Natl Acad. Set U.S.A. 
92:3717-3720, 1995. 

14. Masuda S., Okano M., Yamagishi K., et al. A novel site 
of erythropoietin production: Oxygen-dependent pro- 
duction in cultured rat astrocytes. J. Biol Chenu 269: 
19488-19493, 1994. 

15. Wu H., Liu X., Jaenisch R., and Lodish H.F. Generation 
of commited BFU-E and CFU-E progenitors does not 
require erythropoietin receptor. Cell 83: 59-67, 1995. 

16. Lin C.S., Lim S.K., D'Agati'V., and Constantini F. Dif- 
ferential effects of an erythropoietin receptor gene dis- 
ruption on primitive and definitive erythropoiesis. 
Genes Dev. 10: 154-164, 1996. 



E00008 



C00024639 



PROCEEDINGS OF THE 

ASSOCIATION OF 
AMERICAN PHYSICIANS 



Univ. oi 
Library 



50 



VOLUME 108 • NUMBER 6 



1996 



CONTENTS 



REVIEWS'- 



CrystaK 'Structure, of: Macrophage. 
IVIrgration InEu&itory Factor "(iX'EDE), x 
CuicocorticoidVtudiiced: Regulator of 
Cytokine Production-,. Revea Is? a? 
Unique Architecture Lolir r Bucala- 

Rational' Design,. Analysis - , and Potential . ; . 
Utility of GM-CSEF Antagonists 

. Molecular MedicaE Approaches £of . 
Alfeviatuig^faxility audi Understanding-.. 
Assisted- Reproductive-Technologies; 

SiLtovsky; r tEertbitsortr Simevly, S'cBattcm ] 

De termiha tiort o f the True Prevalence of 
infection -with? die Human- T-CelL .• 
Lymp ho tropic VTrii ses (M¥ IJJ-UHy: 

: May: Require: a Cbm&iharibn, of • . ; 

Bib me I ecu I a r a n di Serologfcr Analyses 

- • Pivicake r Zudcer-Fr(mfdhr r .ManHor r Eegfer : 



MOLECULAR GENETICS : 

Transgejiic.MfceContamfngdie ETumarr. >:. " 
. Erythropoietin* Receptor Gene Exhibit, . 
Correct He m itoporctic a ncE Neural 
Expressi o rt Liu r Yiv r Sljeir r . Lm r Nogucbt 



; Entcrjctfon oFLuutoit Necrosis Faetor-a. 
and GraiuiPo eyre Colbny-Stiniuiaang 
Factor ort Neutrophil- cVpoptos. r s r Receptor 
Expression,, *rtd : BactericfdaE Function 

• Siitfivtvtr r GehiuF,, (FJarge?;. MundelL ; 

, .Antibodies to- g? Glycoprotein E 
. Sta udardized ii nmo noassay and a. 

Reference Interval for Healthy* 

Controls Najmeyi Fricksoir r Kcif r D'eBhrr.- 

VASCULAR BIOLOGY 

Menstrual; Cycl ic Varia tionof , = 

Endothefuirn-Dependenr. Vasodilation of 
. the BracEua L ; Arte ry : Possi 5 l'e Ro lc. of 

Estrogen and Nitric Oxide: . 

• KayaauQy MhtoytntrrPr Ku^iyama-y..Hirasbmnv: 
.. Ohgusijh YosI?h}mr{r r .Og(iiv(r T OkumwK r Yqsuc 

DEMOGRAPHY" OF 
HELICOBACTER ~I: 

Racraf Di ffe rences ux Gastric Fu nctibn 
among: Al rican. Amer cca ns and: Can casi a it ■'' 
. Americans': Seeretibn r Serum- Gastrin, andi/ 
Ilistorogy '. Ckye£ Feidwitn: 

■j * ATJTHQ R LND EX. '.. ■ 

'.; * SUBJECT ESfDEX " • . 



C00024639 



TNf .* it-WAL '"f 8fitM.h U rilflllSTtY 



Vd 27?. V, .>!. I»iMf «f Dete-nbrr 19. pp Ti39.'W3?400 1997 

rnntvJ id C X.I 



Regulated Human Erythropoietin Receptor Expression in Mouse 
Brain* 

i Received for publication. .July 14. 1997. and in revised form. October 7. 1997) 
Chun Liu, Kun Shen, Ziyao Liu, and Constance Tom Noguchi* 

From the laboratory ofChrnurai Biology, XI DDK, Notional hxtttutss afHuutth. fothrnht. Morylnnd 20/tSf2-tH22 



Erythropoietin (Epo) is known for Us role in erythrc- 
poiesis and acts by binding to its receptor (EpoR) on the 
surface of erythroid progenitors. EpoR activity follows 
the site of hematopoiesis from the embryonic yolk sac to 
the fetal liver and then the adult spleen and bone mar- 
row. Expression of EpoR has also been observed in se- 
lected cells of non-hematopoietic origin, such as the em- 
bryonic mouse brain during mid-gestation, at levels 
comparable to adult bone marrow. EpoR transcripts in 
brain decrease during development falling by birth to 
less than 1-3% of the level in hematopoietic tissue. We 
have now recapitulated this pattern of expression using 
a human EpoR transgene consisting of an 80-kb human 
EpoR genomic fragment. The highest level of expression 
was observed in the embryonic yolk sac and fetal liver, 
analogous to the endogenous gene, in addition to ex- 
pression in adult spleen and bone marrow. Although 
activity of this transgene in brain is initially lower than 
the endogenous gene, it does exhibit the down-regula- 
tion observed for the endogenous gene in adult brain. 
The expression pattern of hybrid transgenes of an 
hEpoR promoter fused to 0-galactosidase in 9.5-day em- 
bryos suggested that the hEpoR promoter region be- 
tween -1778 and -150 bp 5' of the transcription start 
site is necessary to direct EpoR expression in the neural 
tube. EpoR expression in the neural tube may be the 
origin of the EpoR transcripts detected in brain during 
development. These data demonstrate that both the 
mouse and human EpoR genes contain regulatory ele- 
ments to direct significant levels of expression in a de- 
velopmentally controlled manner in brain and suggest 
that in addition to its function during erythropoiesia, 
EpoR may play a role in the development of selected 
non-hematopoietic tissue. 



The erythropoietin receptor (EpoR) 1 on erythroid progenitor 
cells is the primary target for erythropoietin «Epo) binding 
resulting in proliferation and differentiation along the eryth- 
roid lineage and is critical for normal erythroid development I U 
21. In hematopoietic cells, the EpoR gene is active early and 
EpoR mRNA is expressed at moderate levels in the pluripotent 
hematopoietic stem cell (31. Primary erythroblasts contain a 
low level of surface erythropoietin receptors, and the number of 
receptor increase to more than 100(J/cell as cry thropoiesis con- 
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tinues upon Epo stimulation i4». Late in ery thropoiesis, there is 
a rapid reduction in EpoR expression, and dependence upon 
Epo declines as cells progress toward terminal differentiation 
(5). The EpoR gene contains eight exons with a single trans- 
membrane region (6-8) but no intrinsic tyrosine kinase do- 
main (9l. Protein phosphorylation and signal transduction via 
Epo-EpoR stimulation depends in part on activation of JAK2/ 
STATS < 10, 111 as well as other kinase pathways (12, 13). In 
vitro, cells of other lineages respond to Epo stimulation includ- 
ing hematopoietic cells such as megakaryocytes, which differ- 
entiate in the presence of Epo ( 14), and B lymphocytes, which 
exhibit a proliferative response (15). 

We have reported that in addition to expression in hemato- 
poietic tissues, EpoR expression can be detected in day 10.5 
embryonic mouse brain at high levels comparable to that in 
adult hematopoietic tissue. EpoR expression in brain decreases 
with development and is not readily detectable at or after birth 
< 16). Embryonic EpoR expression in the brain may he related to 
EpoR expression on other non-hematopoietic cells such as those 
of endothelial or neuronal origin. For example, human umbil- 
ical vein endothelial cells express EpoR and arc responsive to 
Epo 1 17, 181. EpoR mRNA has also boon observed in rat brain 
capillary endothelial cells (191, and functional EpoR has been 
detected in cultured rodent cells with neuronal characteristics 
■ 20, 211 and primary rat hippocampal neurons (22). 

In an attempt to create an hEpoR transgenic mouse exhib- 
iting developmental control in both hematopoietic cells and 
brain, we isolated a larger (80 kb) human genomic fragment 
containing the EpoR ge ne for production of transgenic mice. In 
a preliminary report, we showed that this transgene was able 
to direct readily detectable levels of hEpoR transgene expres- 
sion in fetal liver and adult bone marrow with little or no 
expression in the adult brain < 23). We now show that the 80-kb 
hEpoR transgene is developmen telly regulated to mimic both 
the pattern of the endogenous mEpoR gene expression in he- 
matopoietic tissue and brain. The highest levels of hEpoH 
transgene and endogenous mEpoR gene expression are ob- 
served in hematopoietically active embryonic tissue (yolk sac 
and fetal liver). In the brain. hEpoR expression in the develop- 
ing embryo is followed by down -regulation of expression so that 
the levels of endogenous mEpoR gene and hEpoR transgene 
expression are reduced about 2 orders of magnitude or more in 
adult brain. Reporter gene constructs using hEpoR promoter 
fragments to drive 0-galactosidase gene expression in early 
transgenic mouse embryos suggest that the region flanking the 
hEpoR proximal promoter is necessary to drive EpoR expres- 
sion in the early embryonic neural tube. These data demon- 
strate that both human and mouse EpoR genes are actively 
transcribed in hematopoietic tissue and the developing embry- 
onic brain and suggest that, in addition to its role in crythro- 
poiesis. EpoR may he functionally important in the develop- 
ment of select non-hematopoietic tissue. 
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YVi. I A. human EpoR gene fragment 
used lo make transgenic mice. The 15-Kb 
hEpoR UNA fragment contains 2 kb 5' 
and 7 kb 3' of the coding region. The 80-kb 
hEpoR UNA fragment contains 6 kb 5' 
and SO kb 3" of the coding region. A 
hEpoR cDNA probe from exon IV to exon 
V w« constructed to <K-Utt the presence 
of the transgene. IS. Southern blot analy- 
st* of UNA from normal lAform) and dif- 
ferent transgenic mice 1 1 137. 1139, 1164, 
and J /72V Genomic DNA was digested 
with BttntW and (ia*J b» confirm the pres- 
ence of hEpoR after preliminary screen- 
ing by PCR. M. marker DNA. 
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MATERIALS AND MCTHODS 
Human EpoR Cane—An 80-kb EpoR genomic done was isolated from 
a human Pi phagemid library <fienome Systems. St. Louis. MOi. PI 
phagemid DNA was prepared for direct injection as described previ- 
ously 124). DNA was further purified by isopropanol precipitation, cth- 
anol precipitation, and treatment with RNnsc and phenol/chloroform. 
Finol treatment included Gene-clean tBio 101. Vista. CAi and filtration 
through a 0.22-jx sterile filter. The DNA was centnfuged again to 
remove any remaining glass beads and was dialyzed againxt injection 
buffer » 10 m.M Trio-HCI, pH 1J5, with 0.1 tnM EDTA) il<>>. 

Production of Transgenic Mice— Transgenic mice were generated 
using B6C3F1 i female) K B6D2F1 iiuaJe) as described previously U 6 
The B6C3F1 results from C57BIV6NCr < C3H/HeN and the B6D2F1 
result* fnim C. r »7HiyBNCr X DBA/2 NO. DNA was injected into the 
male pronucleus nf embryonic day 2 f R2> fertilised mouse egg*. The 
injected rggs were reiuiplanted into surrogate dams. Screening for 
positive newborns was done by isolation of genomic DNA from a O.S-cro 
piece of the tail at 2 weeks of age. The DNA was subjected to polymerase 
chain reaction 'PCR* using a pair of primers selected from the human 
EpoR gene as described previously. Mice positive for the hKpoR were 
farther analysed and confirmed by Southern blot analysis. For each 
mouse, 10 jig of genomic DNA was digested with Bamitl, loaded on a 
0.79- ogarose gel for electrophoresis, and transferred to a nylon mem- 
brane using a Turbobtotter (Schleicher & Schuelh. The membrane was 
subsequently probed using a nonradioactive labeled probe (Boehringer 
Mannheim) spanning exons 4 and 5 of the hEpoR cDNA. Positive 
progeny were then bred for further analysis. 

Screening far EpoR Expression —Total RNA was prepared from var- 
ious tissues using STAT-60 (Tel-Test B, Friends wood. TX> and treated 
with RNose-free. DNase iProiuega, Madison. WD at 5 units/100 m of 
RNA at 37 *C for 30 min folltswed by ph*nol/chloroform extraction and 
elhanol precipitation. One microgram nf isolated Intal RNA was re- 
verse-transcribed for 15 min in a 20-jil reaction mixture using reverse 
transcriptase 'Perkm-Elmer). One microliter of RT product was then 
amplified by polymerase chain reaction «POR) using a primer pair 
designed to detect the human EpoR transcript from fxgos 1 and 3: 
5'-A<;CACClt:GCGGC(J'rCCCTLT-.1' isense) and 5-AGCTTCCATO- 
GCTCATC03' »antisense>. Primers used to detect the mouse KpoR 
transcript were ifrom exems 1 and 3): 5" - AA ACfC AGGGTGCCCCTCT- 
GOCfT-T isense) and 5'-CA*lt*COGTCATACCGAGGAGAACC-3' tno- 
tiscnsc*. Positive c ontrol primers for the mouse rtbosomnl protein S16' 
1 5 ' -CT'OGAGCCiXjTTrTGCTTCTG-3 ' tsenaet and 5 '-TG ACATGGA- 
CTG TCCGATGG-3' lanuson sen gave a 110-bp band PCK product fur 
cDNA and n I9fl-bp band for genomic DNA. 

Generation *if ONA Standards for Quantitotifr PCH— Specific DNA 
standards were produced such that when thej were co-mnnl ified using 
primers for n specific cDNA, the product obtained from the DNA stand- 
ard would be slightly starter than the producr obtained from ihe eUN A 
of interest Primer pairs of 50 bp luog were designed to contain 20 bp nt 
the .5' i«nd matching the respective sequence* of the rDNA specific 
primers. The remaining 30 hp at the 3* end were then *elertj>d lo match 
a sequence within the amplified rDNA fragment that would produce a 
PCR product distinguishable in siie from Ihe original rCR-amplificd 
cDNA product. Fifty nanograms of specific cDNA was used in a 100- M | 
PCR reaction mixture The resulting PCR products were separated on 
V* agarose gels and elertroduted i Schleicher & SchuelD Concentra- 
Hun of DNA standard was determined by ITV absorbance at 260 nm. 

Quantitation of EpoR mRSA — roRNA wos rv verse- trnnscrtbed and 
the product subjected to quantitative PCR involving two set* of co- 
•unplificotion with standard cDNA. We used a modified quantitative 
RT-PCR procedure incorporating serial dilutions of sample and -pacific 



standard DNA to determine the level of EpoR expression. For the first 
set. seven reactions were set up with increasing amount of sample and 
decreasing amount of standard. The dilutions in which intensities of the 
rDNA PCR product and the PCR product for the DNA standard were 
similar were used to estimate the initial amount nf metaage present in 
the K1-P0R reaction 423). After this initial estimation of the expression 
level, a second set of PCR was carried out using a fixed amount of 
sample and an increasing amount of standard bracketing the estimated 
crossing point. Wheo the amount of sample was limited, the amount of 
standard was fixed and that of the sample varied to minimize the total 
amount of sample required. This method of PCR quantitation was 
sensitive to differences of 2-fold or more. 

Phenyl hydrazine Treatment— Normal and transgenic mice were in- 
jected with phenylbydrazine at a dose of 0.03 g/g of body weight for two 
days and at 0.015 g/g of body weight for 3 days. Mice were sacrificed on 
the 7th day from the initial treatment. The reticulocyte count was 
determined for each mouse and RNA prepared from different tissues. 

BpoRfp^Catactosidase Reporter Gene— A reporter gene construct 
was made containing a hEpoR promoter fragment extending 1778 bp 5' 
of the transcription start site and X to include the untranslated tran- 
scribed region and linked to a 0-gatactosirfase reporter gene. Transgenic 
mice were constructed as described above and embryos harvested and 
stained for 0-galactosidase activity «25). The number of days after 
vaginal plug formation was used to identify the age of embryos. Em- 
bryos were embedded in paraffin and 10- ^m saggital sections were 
made and counterstained with hematoxylio-eosin. 

RESULTS 

Transgenic mice were generated from an 80-kb human EpoR 
clone isolated from a genomic Pi phagemid library. This con- 
struct contained flanking genomic DNA extending 6 kb 5* and 
60 kb 3' of the hEpoR coding region (Fig. LA). Integration of the 
transgene was determined by PCR and confirmed by Southern 
blot analysis as described under 'Materials and Methods* (Fig. 
I ill. Twn independent lines nf transgenic mice were used for 
further analysis. At least three mice were analyzed, each inde- 
pendently, frnm the two lines. Transgene copy number for 
these lines was Inw (less than five). 

Tissue Distribution of h EpoR Transgene Expression— To ex- 
amine transgene activity in the adult mouse. RNA was isolated 
from various tissues and analyzed for endogenous mEpoR gene 
and hEpoR transgene expression. In hematopoietic tissues, 
bone marrow, and spleen, both mEpoR and hEpoR transcripts 
were readily detected <Fig. 21. Expression of the hEpoR trans- 
gene in hematopoietic tissue in addition to endogenous mEpoR 
expression did not result in increased stimulation of erythro- 
poiesis. as no difference was observed in blood hematocrit com- 
pared with norma! control mire. Mice carrying the 80-kb trans- 
gene showed no gross morphological abnormalities. Analysis of 
expression in non- hematopoietic tissue indicated that no RNA 
transcripts could be delected in adult liver, heart, leg muscle, 
or kidney corresponding to either endogenous mEpoR or trans- 
genic hEnoR expression tFig. 21. 

Developmental Expression of the EpoR Transgene in Hema- 
topoietic Tissues— We have previously reported thai a 15-kb 
hEpoR transgene provided hematopoietic specific expression in 
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Kw. 2. Expression of EpoR. RNA was isolated and subjected to 
RT-PCR to determine EpoR expression from bone marrow tUM >. liver, 
spleen, heart, leg muscle, and kidney. PGR reaction products using 
primers specific for the endogenous mouse EpoR in, EpoR). human 
EpoR ihtipttR) iransgKna, and mouse, rihusomftl protein Sl«f.S/«) aa 
control are indicated. AT. marker DNA. 

spleen and bone marrow of adult mice but at levels lon er than 
the endogenous gene (16 1. We now examine the expression of 
the 80-kb hEpnR transgene in developing hematopoietic tissue 
and find expression levels more comparable to those observed 
for the endogenous gene. As observed for the mouse EpoR, the 
hEpoR transgene was expressed in yolk sac, fetal liver, and 
adult spleen and bone marrow. The level of hJSpoK expression 
was determined using quantitative RT-PCR as described above 
and compared with the level detected for endogenous mEpoR 
Tho highest level of hEpoR mRNA was observed in embryonic 
hematopoietic tissues (Fig. 3). Human EpoR transgenc expres- 
sion levels in yolk sac (110 fg/^ig of RNA) and fetal liver (262 
fg/MR of RNA) were similar to mEpoR expression in yolk sac (80 
fg/p* of RNA) and in fetal liver (104 fg//i* of RNA). As with 
endogenous mEpoR expression. hEpoR expression in the fetal 
liver decreased during development to undetectable levels at 
birth an the site of bematopoirsis switches tn the spleen and 
bone marrow. In the adult the level of EpoR expression in the 
bone marrow was 7.1 fg/ M g 0 f RNA for hEpoR and 3.1 fg per p# 
of RNA for mEpoR. EpoR transcripts in the spleen was deter- 
mined to be 4.4 fg/ M g of RNA for hEpoR and 1 1.7 fgfag of RNA 
for m EpoR. Treatment with phenylhydrazine to induce hemo- 
lytic anemia and increase erythropoietic activity resulted in an 
increase in the percentage of reticulocytes from less than 2 r * to 
more than than 20* in both normal and transgenic mice. 
Accompanying the increase in spleen size by 3- 4- fold was an 
increase in endogenous mEpoR gene and hEpoR transgene 
expression in response to the induced anemic stress iKig. 41. In 
contrast, no EpoR expression was observed before or aaer 
phcnvlhydrazine treatment in thymus, a tissue related to 
lymphoid activity. 

Tran*nme Expression during Brain Development— We have 
previously reported that in spite of regulated hematopoietic 
tissue expression, a 15-kb hEpoR transgene was not dcvclop- 
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Put. 3. Developmental expression of hEpoR transgene in he- 
matopoietic tissues. The level of hEpoR expression was determined 
by quantitative RT-PCR and compared with endogenous mEpoR ex- 
pression in yolk sac (9.5 day), fetal liver (12.5 day), spleen (adult), and 
bone marrow (adult). Standard deviations from Analgia »f ihree loai* 
individual mice are shown. 

mentally regulated in the brain (16). In contrast, the endoge- 
nous mEpoR was expressed in embryonic brain tissues at day 
10.5 at a level close to that in adult spleen and bone marrow 
and then decreased with development, dropping by more than 
3 orders of magnitude at birth. These data suggested that the 
hEpoR transgene did not contain regulatory elements to pro- 
vide control of brain expression and/or that developmental 
control of EpoR in brain may be different between human and 
mouse. In the present study, we found that the more distal 
flanking regions of the hEpoR gene were able to provide regu- 
lation in both hematopoietic tissue and brain. An 80-kb human 
EpoR gene fragment was used to produce transgenic mice; 
transgenic mice were mated and embryos harvested at differ- 
ent days of development. RNA isolated from brains of 10.5-day 
embryos exhibited transgeno expression of 1.5 fg/,ig or RNA ' 
( Fig. 5). This level of expression persisted through day 12.5 and 
then started to decrease with the decrease in endogenous 
mEpoR expression. Although the SO-kb hEpoR transgene was 
not able to provide the high level of EpoR expression observed 
for the endogenous mEpoR gene in tho early embryonic (day 
10.5) brain, those data suggest that the additional distal flank- 
ing genomic sequences provided much of the regulation re- 
quired for developmental control of brain expression not ob- 
served previously. 

Human EpoR Promoter Activity in Neural Tube— To deter- 
mine whether the 5' DNA region flanking the first exon of 
hEpoR could direct reporter gene activity in non-liematopoietic 
tissues in vivo and to identify the possible site of hEpoR ex- 
pression in the early embryonic brain, the hEpoR promoter 
linked to a 0-galactosidase reporter gene was used to generate 
transgenic mice. The reporter gene construct contained an 
hEpoR promoter fragment rxlendtng5' from the ATG start site 
for transcription to - 1778 bp 5' of the transcription start site. 
Mice testing positive for the transgene were mated with normal 
mice. Embryos wore harvested at day postcoitus, and whole 
rmhryns were stained for 0-galactosidase activity. Staining 
was observed in the ventral neural tube in two independently 
generated transgenic mouse lines in the region extending from 
the anterior to pnsterior tegmental neuroepithelium, the ven- 
tral isthmal neuroepithelium. and the pontine neuroepithe- 
lium iKig. 6). However, not all of the transgenic lines exhibited 
staining at embryonic day 9.5. No staining of the neural tube 
was observed in normal mice or in transgenic mice containing 
a shorter promoLor that extend to only 150 bp 5' from the 
transcription start site (Kig. 6). These data suggest that the 
promoter region between -1778 and -150 bp is nccessarv to 
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Kh;. A. Induction of erythropoietin 
receptor expre*«ion by anemic 
stress, EpoR expression was determined 
using RT-POR analysis *if RNA harvesied 
from splr^o and brain tisxuets tif un- 
treated or control tCl and phcnylhydra- 
zine treated i<P» hKpntt transgenic mire. 
The reaction product* Hop punch were 
analyzed by hlot hybridization Tenter 
l*uirl\ ha deM-rihed in the l«*xt In mrifirm 
the identities of the mKpoK and hEpoK 
specific bands. Result* for endogenous 
mEptiR and the hRpoR transgene are 
dhown in /ones t-H and fonts 9-20. re* 
spectiveiy. Analyses of two untreated 
mice are included in /ones /. 5. a . W. and 
17 and lanes 2, 6, 10. it. and 18. respec- 
tively. Analyses of two treated mice are 
inch tried in hinrx 7, 11. 15. and 19 and 
lanes 4, S, 12, 16. and 20. respectively. For 
hKpuR expression in brain tissue, results 
obtained by increasing the cycle number 
from 35 'for lanes 1*1 ti\ lo 40 «for lanes 
17-20\ are also shown. Determt nation of 
St6 was used as a control « bottom panel). 
Marker lanes are indicated *M). 
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rlr.. S. Quantitation of hEpoR tranBgene expression in embry- 
onic brain. Quantitative RT-PCR analysis wna iwod to determine the 
level of mKptiK and hEpuR in RNA prepared from embryonic brain 
tissue nt different days of development and from adult brain tissue. 
Standsrd deviations from analysis of three to six individual mice are 
shown. 

drive Ira nag cmc expression in the neural lube. To confirm that 
the staining pattern was relevant to EpoR gene expression, 
tissue corresponding to the 0-tfalecto<?idasc stained region was 
dissected fmm normal mice and mice containing the 80-kb 
hEpoR transgene. Both mKpott and hEpoR transcripts were 
detected and quantified by RT-PCR. The levels ofhEpoK trans- 
gene and mEpoR gene expression in the neural tube were 
comparable to that in adult hematopoietic tissue and were 5.1 
fg/Mg of RNA compared with 3.0 fg/ M g of RNA for the endoge- 
nous mfcpoR gene. The expression of EpoR in neural tube al 
day 9.5 may be the origin of the embryonic brain expression 
detected later in development. 

EpnR Transcripts tn Adult brain • <>ur initial screening for 
EpoK expression in I he adult brain showed no detectable tran- 
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scripts, which suggests that if EpoR is expressed, it is at levels 
less than 0.1 fg/mg of RNA as determined by the quantitative 
PCR procedure described above. We increased the sensitivity of 
our analysts and reexamined RNA i sola Led from normal and 
transgenic mouse brain tissue. By increasing the PCR cycle 
number fmm 30 tn 35, we were able to detect mEpoR expres- 
sion. The PCR product was digested by restriction ensymes 
Xhoi and Xmnl and hybridized to mEpoK specific probe to 
confirm its identity <Fig. 71. This level of expression corre- 
sponded to more than 2 orders of magnitude lower than that 
seen in adult spleen. Comparable results were also obtained for 
expression in adult brain of the 80- kb hEpoR trans gene. As a 
negative control, increasing the PCR cycle number showed no 
mEpoR or hEpoR expression in adult livor. No PCR products 
were observed when reverse transcriptase was omitted from 
the reaction mixture. 

DISCUSSION 

The murine system has provided unique insights into the 
" regulation of erythropoiesis by EpoK. NuJl mutations of both 
Epo and EpoR gene in mice demonstrated that Epo and EpoR 
were crucial for definitive erythropoiesis and that interrupted 
erythroid development in fetal liver was lethal around embry- 
onic day 13 U, 21. We used the transgenic mouse to examine the 
developmental regulation of the human EpoR gene. We dem- 
ons tinted that in transgenic mice produced from the 80- kh 
hEpoR transgene, appropriate expression of hEpoR was recov- 
ered in hematopoietic tissues. The highest level of EpoK ex- 
pression for the endogenous mEpoK gene and the 80-kb hEpoK 
transgene occurred in hematopoietic embryonic tissue. The 
levels of mEpoR and hEpoR RNA transcripts in yolk sac and 
fetal liver were 1.6*2 orders of magnitude higher than the 
levels observed in adult spleen and bone marrow. We have 
previously shown that a lr>-kb human EpoR gene fragment 
provided expression but at low levels in adult hematopoietic 
tissues of transgenic mice 1 161. The similarity between endog- 
enous mEpoR gene and hEpoR transgene expression in these 
tissues suggests that the 80-kb hEpoR transgenic mouse can be 
used to examine the developmental expression of hEpoK in 
hem auipnirttr tissue. 

In addition to detection of EpoR in known hematopoietic 
tissues, we detected endogenous mEpoR expression in the em- 
bryonic mouse brain at high levels, which was down-regulated 
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t ic. 6. h£poH/0*aUctosidaBe re- 
porter gene expression at embryonic 

day 9.5. KpnR promoter extending U) 150 
bp .Y %A I and to 1 778 bp 5' *B and C) of the 
*tArt site for transcription were used to 
drive 0-galnctosirinsc expression in trans- 
genic mien. Embryos were harvested at 
day 9J> and stained for tf-gnlicltimdjwe 
activity. Photographs of embryos • A and 
B) are at 1:15 cnlnracmonu. An embryo 
was sectioned and cnuntenUained with 
hemntoxytin»eosin and photographed At 
1:38 enlargement tC) 
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Kk, 7. EpoR transcripts detected in adult moose hrain. A. 

increasing PGR cycle number and analysing RT-POR products with a 
mKpoK specific probe confirmed the presence or low level KpoH UNA 
transcript* in the adult brain compared with spleen and bone marrow. 
A*Ao! and .Ymal restriction enzyme digestion was used to demonstrate 
specificity of the procedure, fl, limtinn .if .VAol and Xmn\ real rict Win 
enxyme ailea in the expected EpoR RT-I*CR product. 

with development f 161 We have now shown that endogenous 
mEpuK was expressed in the adult brain, but at u level of about 
2 orders of magnitude lower than that observed in the embry- 
onic brain at day 10.5. The mEpoR and hEpoR transgene ex- 
pression we observed in day 9.5 neural tube may be the origin 
of the EpoR expression detected in the brain 3t day 10.5 and 
later and may be related to detection of EpoR localized to the 
neural plate earlier in development (26). Specific localized 
binding of radiolabeled Epo to adult mouse brain sections has 
also been detected (27 J. These observations suggest that the 
EpoR message detected in the rodent brain is developmental ly 
regulated and processed into Epo binding protein. The 15-kb 
hEpoK genomic DNA fragment contained much of the homol- 
ogy between the murine and human EpoR genes within the 



coding region and extending 5' to the GATA-1 binding site in 
the EpoR proximal promoter (28, 29). Further 5' are species- 
specific repetitive elements that have been associated with 
negative regulation (30-32). However, this human EpoR trans- 
gene was expressed at a low level in an unregulated manner in 
embryonic and adult brain. To include additional regulatory 
elements, an expanded 80- kb hEpoR genomic fragment was 
isolated and used to produce transgenic mice. 

Analysis of the 80-kb hEpoR transgene demonstrated that 
embryonic brain expression for both hEpoR and mEpoR de- 
creased in a parallel fashion with further development drop- 
ping by about 2 orders of magnitude or more in the adult. The 
behavior of the hEpoR pmmoter/pVgBlactosidase reporter gene 
constructs suggested that the region from - 1778 to - 150 bp of 
the transcription start site was necessary to provide staining of 
0-gaiaetosidase in the embryonic day 9.5 neural tube. RNA 
prepared from neural tube of normal and hEpoR transgenic 
mice at embryonic day 9.5 also showed high level expression of 
mEpoR and hEpoR and may be the origin of EpoR brain ex- 
pression observed during development. EpoR expression has 
been observed in the central nervous system of mid- trimester 
human fetuses (331 and in brain of adult monkeys »34>. OATA-1 
is an important transact! vator of EpoR expression in hemato- 
poietic cells (28. 29. 35). Although GATA-1 is not expressed in 
the hrain, the brain expresses significant levels of OATA-3. 
which is capable of binding similar DNA motifs. Targeted dis- 
ruption of the GATA-3 gene causes severe abnormalities in the 
embryonic nervous system and in fetal liver hematopoiesis 
(36). The developmental expression of EpoR expression ob- 
served for the endogenous mEpoR gene and the hEpoR trans- 
genes suggests that EpoR expression in no n -hematopoietic 
cells may share some common regulatory controls with hema- 
topoietic expression, but requires additional cis-acling UNA 
elements. 

Although the physiological function in vivo of EpoR expres- 
sion in non- hematopoietic cells is not yet known, it may be 
directly related to EpoR activity reported for endothelial cells. 
Epo stimulation of cultured endothelial cells increases protein 
phosphorylation and induces nuclear translocation of STAT-5 
(37i. Epo can also increase intracellular calcium and increase 
cndothclin-l secretion (38i in a dose-dependent manner (39). 
The involvement of EpoR in endothelial cells may originate 
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from the close relationship between hematopoicsis and vascu- 
logcnesis i40) and between hematopoiesis and angiogenesis 
later in development (41). Stimulation of EpoR in the brain 
may not require Epo to cross the blood-brain barrier, as oxyjren- 
dependent Epo production has been observed in cultured rat 
astrocytes (42 1 and that Epo expression in the adult brain can 
be up-regulated by hypoxia in mice (271 and monkeys (34». 
Expression of EpoR in non-hem a topoic tic cells may allow for 
Epo activation in the early embryo to stimulate proliferation or 
tn control apopuwis as those ceils differentiate and mature. 
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Abstract 

The haematopoietic growth factor erythropoietin is the primary regulator of mammalian erythropofesis and Is 
produced by the Kidney and the liver In an oxygen -dependent manner. We and others have recently 
demonstrated erythropoietin gene expression in the rodent brain. In this work, we show that cerebral 
erythropoietin gene expression is not restricted to rodents but occurs also in the primate brain. Erythropoietin 
mRNA was detected In biopsies from the human hippocampus, amygdala and temporal cortex and In various 
brain areas of the monkey Macaca mulatto. Exposure to a low level of oxygen led to elevated erythropoietin 
mRNA levels in the monkey brain, as did anaemia In the mouse brain, tn addition, erythropoietin receptor mRNA 
was detected in all brain biopsies tested from man, monkey and mouse. Analysis of primary cerebral cells 
isolated from newborn mice revealed that astrocytes, but not microglia ceils, expressed erythropoietin. When 
incubated at 1% oxygen, astrocytes showed > 100-fold time-dependent erythropoietin mRNA accumulation, as 
measured with the quantitative reverse transcription-poiymerase chain reaction. The specificity of hypoxic gene 
induction In these cells was confirmed by quantitative Northern blot analysis showing hypoxic up-regulatlon of 
mRNA encoding the vascular endothelial growth factor, but not of other genes. These findings demonstrate that 
erythropoietin and its receptor are expressed In the brain of primates as they are in rodents, and that, at least in 
mice, primary astrocytes are a source of cerebral erythropoietin expression which can be up-regulated by 
reduced oxygenation. 



Introduction 

The haematopoietic growth factor erythropoietin regulates etythroid 
differentiation in the haematopoietic organs, including the bone 
marrow, spleen and fetal liver, by preventing apoptosis of etythroid 
progenitor cells (for reviews see Krantt. 1991; Jellunann, 1992; 
Koury and Bondurant, 1992). When individuals are subjected to 
hypoxic conditions, formation of erythropoietin is governed by an 
operationally defined oxygen sensor that leads to the accumulation 
of mRNA. resulting in elevated erythropoietin serum levels (Krantz. 
1991; Jelkmann, 1992). However, the mechanisms by which ceUs 
perceive changes in oxygen concentration remain to be elucidated. 
The localization of erythropoietin synthesis was originally deduced 
from organ extirpation experiments and more recently from the 
analysts of erythropoietin mRNA distribution, to reveal that the 
kidney and liver are the dominant organs of erythropoietin production 
(for review see Jelkmann. 1992). tn the kidney, peritubular interstitial 
fibroblasts have been identified as eryuVopoietm-producmg cells 
(Koury et a/.. 1988). whereat in the liver boo hepatocytes and the 
non parenchymal Ito cells have been found to express erythropoietin 
(Koury et at. 1991; Maxwell et at, 1994). 
Induced erythropoietin gene expression in cell culture has been 



observed after exposing the human hepatoma cell lines HepG2 aad 
Hep3B to either 1% oxygen or cobalt chloride (Goldberg et at. 
1987). Molecular analysis using these cell tines as well as transgenic 
mice carrying the human erythropoietin trans gene (Semenza et at, 

1991) has revealed the presence of an oxygen-dependent trenscn> 
tional enhancer lying 3' to the poly(A) addition site of the erythro- 
poietin gene (Pugh el aL P 1991). The nuclear hypoxia-inducible facta 
I (HTF-I), a bask belU-ioop-heiix heterodimeric transcription facta 
(Wang et of.. 1995), was found to bind to this enhancer sequence a 
response to reduced oxygen concentrations (Semenza and Wan* 

1992) . Significantly, oxygerwlependent HIP- 1 expression wa 
observed not only in erymropoietin-producing HepG2 and Hcp3J 
cells but also in various other cell lines that do not product 
erythropoietin (Wang and Semenza, 1993). In addition, an oxyge* 
sensing mechanism similar to that regulating gene expression a* 
erythropoietin has also been suggested for the gene encoding <* 
vascular endothelial growth factor (VEGF) in Hep30 cells (Goldbe* 
and Schneider. 1994; Levy et aL. 1995), as weD as for glycoly* 
enzymes such as ptospboglycerate kinase 1. aldolase A. pyruvsf 
kinase M and lactate dehydrogenase A (Firth et al, 1994). TV* 
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demonstrate thit the ability to sense low oxygen concents* 
^rs. which leads to up-regulated expresstoo of certain genes, is 
pfctpread in mammalian cells (Maxwell et al t 1993). 
$o far. erythroid precursor cells have been considered to be the 
ptfQ target for cryihropoietia However, recent reports suggest that, 
piJr its role in erythropoiesis. erythropoietin might exert a function 
the nervous system; erythropoietin production has been observed 
j rumours of the human central nervous system, such as cerebellar 
^emangtoblastoma (Trimble tt al> 1991) and meningioma (Bnmeval 
rfa/.. 1993). b addition, erythropoietin has been shown to support 
jc survival of lesioned neurons in rats in vivo and to augment choline 
ggryltrsjisferase activity in primary cultured neurons (Kooishi et a/., 
1993). Detection of erythropoietin mRNA in the rat brain (Ian et a/., 
1992) and our localization of specific erythropoietin binding sites in 
toned areas of the mouse brain (Digicaylioglu et al. t 1995) also 
support the notion that erythropoietin and its receptor are involved 
is to far unknown neuronal processes. Erythropoietin gene expression 
a the brain, to contrast to the kidney and liver, implies mat this 
powih factor acts locally, since transport of cerebrally produced 
erythropoietin to the blood is moat probably impeded by the blood- 
bnin barrier (for review see Bradbury. 1993). By analogy to the 
situation in the kidney and liver, where erythropoietin gene expression 
well established in all mammals, including primates, one would 
expect that cerebral erythropoietin gene expression is not restricted 
mice and rats but also occurs in other species. To test this 
hypothesis, we analysed human, monkey (Macaco mulatto) and mouse 
train biopsies for the presence of erythropoietin and erythropoietin 
receptor transcripts by means of quantitative reverse transcription- 
polymerase chain reaction <KT-PCR), and established primary cell 
cultures from the mouse brain to identify possible candidate cells for 
the production of erythropoietin in this organ. Furthermore, we 
investigated the ability of the brain to sense and respond specifically 
to a reduced oxygen supply. 



Materials and methods 
Human brain biopsies 

Human brain material was obtained from two women and four 
men. aged 19-31 years, who had undergone trans-sylvian selective 
1alaWppo-pariWppocarm>ectomy (Yasargil et oi, 1993) for the 
tteetmem of intractable temporal lobe epilepsy. The experimental 
protocol was approved by the University ethical committee. Biopsies 
from the temporal cortex, amygdala and hippocampus were frozen 
in liquid nitrogen. 



Animals 



Aaimais were handled in accordance with a protocol approved by 
U* Kantonales Vetermaramt Zurich. Adult male monkeys (Af. mulatto) 
gmxfe^ttsed for neuroanatomical studies were subjected to hypoxic conditions 
Prior to perfusion with fixatives. Anaesthetised (40 mg pentobarbital/ 
* taty wt i.p.) and intubated animals breathed a gas mixture 
_ <*miajning either 8 or 20% oxygen for 2 h. Arterial blood gases were 
ioldbfl **ryied during ventilation using a Mood gas analyser (IL 1304. 
^mentation Laboratory, Milan. Italy). Tissue samples from the* 
m r**y liver as well as from various areas of the brain (temporal. 
jtf *o«aJ occipiuj cofte^ cerebellum, hypothalamus, hippocampus 
I tt™* 1 ** caud * tut > wcre tsken *** tnuuferred to liquid nitrogen. 
.Simulation of erythropoietin production in adult male C57BU6 
jj*ce was achieved by carbon monoxide inhalation resulting in 
*ncu<mal anaemia (Eckardt et aL 1992). Animals were exposed for 
an airtight chamber that was supplied with a mixture of norma] 
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air supplemented with 0.1% carbon monoxide. Immediately after 
exposure, mice were killed by decapitation, and after collecting Wood, 
the kidneys, liver, brain, testis, spleen and samples of skeletal muscle 
were removed and frozen in liquid nitrogen. Hypoxic stimulation was 
monitored by determination of serum erythropoietin concentration 
using a radioimmunoassay as described (Eckardt et oL, 1988). 

Primary brain coH culture 

Primary glial cell cultures were prepared from brains of newborn 
C57BL/6 mice as described (Frei et o/., 1986, 1987). Following 
removal of the meninges, the brains were mechanically dissociated 
by pressing through nylon sieves. The cells, were seeded in OME 
medium (Gibco-BRL) containing 20% fetal calf serum (PCS; 
Boehringer Mannheim), 100 U/ml penicillin, 100 jig/ml streptomycin, 
1 X Minimal Essential Medium non-essential amino acids, 2 mM L- 
glutamine and 1 mM sodium pyruvate (ail from Gibco-BRL) in I7S 
cm 2 tissue culture flasks (two brains per flask), and were cultured in 
a humidified atmosphere containing 5% COj at 37 # C. Fresh medium 
with reduced PCS concentrations was added to the cells at days 6 
(10% FCS) and 9 (S% FCS) of culture. Confluent cultures at day 13 
were used to harvest both microglia cells and astrocytes. After 
agitating the confluent culture (500 r.p.m.) for I h. the adherent cells 
were saved for astrocyte preparation (see below), and the floating 
cells were transferred to a fresh tube to isolate microglia cells. After 
10 min of gravity sedimentation at room temperature, the sediment 
was discarded and the supernatant containing floating cells was 
incubated at 37*C for 2 h in a flask and then gently agitated (70 
r.p.m.) for an additional 10 min. Subsequently, the non-adherent cells 
present in the medium were removed while the remaining adherent 
cells were identified as microglia cells by immunofluorescence. The 
isolation of astrocytes followed the same protocol until day 13, when 
the floating microglia cells were removed (see above). The adherent 
celts were trypsinized and subcultured in medium containing 5% 
FCS. After 3 additional days, >93% of these first-passage cells were 
identified as astrocytes by immunofluorescence. Exposure to a low 
oxygen concentration was per f o rm ed with confluent astrocytes: after 
replacing the medium (5% FCS), the cells were incubated far 6-94 h 
at either 20% Oj (140 mm Kg, normoxia) or 1% Oi (7 mm Kg, 
hypoxia) with or without addition of 100 uM* CoCl 2 or 15 ng/ 
ml human recombinant interleukin-6 (IL-6; RAD Systems, Basel, 
Switzerland) in a Forma Scientific incubator (Model 3319, Brouwer, 
Luzern, Switzerland). 

Immunofluowscent staining for glial ftbriliary acidic protein and 
Fci 



For imiDuno fluorescent staining, antibodies were diluted in phosphate- 
buff ered saline containing 0.1% bovine serum albumin. Whereas 
astrocytes were directly cultured on glass slides, the microglia cells 
were cytosptm at a density of 1000 cells per slide. For staining of 
the astrocyte-sperific intermediate filaments, slides were incubated 
with a 1:400 dihmoo of a rat anti-glial fibrillary acidic protein (OFAP) 
antiserum (Sigma) for 30 min at 25"C. To examine the Fc CI*<W 
receptor, a marker for microglia cells (Frei et at, 1997), cells were 
incubated with monoclonal rat anti-mouse Fc receptor antibody (New 
England Nuclear) using a 1:1000 dilution for 30 min at 25*C. 
Subsequently, the ceils were washed three times in PBS and incubated 
for 30 min with a 1:100 dilution of a biotioylated anti-rat IgO 
antibody (Sigma). As negative controls, cells were incubated with 
the second antibody alone. After washing, fluorescein isorniocyanate- 
conjugated strepttvidin (Sigma) at 1:100 dilution was incubated for 
30 min and the slides were examined in a Zeiss laser scazm i ng 
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RNA preparation and Northern blot analysis 

Frozen tissue was weighed and total RNA was isolated according to 
Chomczynsb and Sacchi (1987). Resuspended RNA was quantified 
by spectrophcHometric absorbanoe at 260 nm and tested for integrity 
by 1 % agarose gel electrophoresis containing 0.05*o sodium dodecyl 
sulphate in the running buffer. Total RNA (10 ug) was denatured in 
fonnamide/formaWehyde and electrophoresed through a 1% agarose 
gel containing 6* formaldehyde as described (Sambrook el a/., 
1989). After pressure blotting (Stratagene) to nylon membranes 
(Biodyne A, Pall. Winiger. WohJcn, Switzerland), the RNA was 
hybridized to "P-labelled probes following the manufacturer's (Pall) 
instructions. The radioactive signal was recorded and quantified 
using a phosphorimager (Molecular Dynamics, Paul Bucher. Basel, 
Switzerland). The mouse VEOP probe was derived from a 644 bp 
PCR fragment generated by using primers 5' -GCGOOCTGCCTC- 
GCAGTC 3' and 5^TCACCOCCTrGGCTTCTCAC-3' respectively 
(corresponding to bp 16-33 and 659-640 of the mouse VEOF cONA 
sequence; numbering according to Claffey etalj 992). The contrapsin 
probe was a kind gift from Dr Y. Suzuki (Osaka, Japan). Complement 
C3 cDNA was purchased from ATCC (phACT235. ATCC No. 
61600. Rockville, MD) and the human actio probe was obtained 
from Clontech. 

Construction of competitor erythropoietin cRNA templates 
The human competitor erythropoietin template was constructed by 
deleting a 102 bp PvuH-PvuU erythropoietin cDNA fragment 
(corresponding to bp 2405-2642 of the genomic erythropoietin 
sequence; numbering according to Jacobs et a/.. L985) from the 
human erythropoietin cDNA-containing plasmid pe49f. The AT/wiI- 
Sod erythropoietin cDNA fragment (1307-3052), harbouring the 
102 bp deletion, was subcloned into vector pSP64polyA (Promega, 
Catalys, Waflisellen. Switzerland), giving rise to plasmid pEP064. 
After cleavage with EcoRl and gel purification, the linearized plasmid 
was transcribed in vitro using SP6 RNA polymerase (Fermentai. 
MachJcr, Basel. Switzerland) according to the manufacturer's direc- 
tions, and the synthesized cRNA was quantified by absorbance at 
260 nm. The resulting competitor product, following RT-PCR. was 
178 bp long compared to 280 bp of the amplified target erythropoietin 
mRNA using the same primer set allowing easy separation of both 
fragments by agarose gel electrophoresis. The mouse competitor 
erythropoietin template was obtained by deleting the Scal-Smal 
fragment (conesponding to bp 1568-2980; numbering according to 
Shoemaker and Mitsock, 1986) located in exon 2 and 5 of the 
mouse genomic erythropoietin fragment BanM-Xmnl (856-3463 bp) 
subdoned into pSP64polyA (BamHl-Smal). giving rise to pLRI- 
EPO. The mouse competitor erythropoietin cRNA was obtained as 
described above and the RT-PCR product was 492 bp long, compared 
to 395 bp of me amplified target erythropoietin mRNA. 

Quantitation of erythropoietin mRNA by competitive RT-PCR 
Both competitor and sample RNA species were reverse- transcribed 
into cDNA using Prorncga's Reverse Transcription System, lb melt 
secondary structure*, the RNA was denatured ai 60*C for 10 nun 
and chilled on ice. Subsequently. a series of 20 ul reaction mixtures 
containing 1 ug total RNA. each ipiked with 0.2 fg to 20 pg of 
synthetic erythropoietin cRNA. 1 x reverse transcription buffer (10 
mM Tris-HC! (pH 8.8 at 25*Q. 50 mM KC1 and 0.1* Triton X- 
>M00). 1 mM each dNTFs. 5 mM Mgd 2 , 20 U rRNAsiu, l5Uavian 
myeloblastosis vims reverse transcriptase and 0.5 ug oligo(dT),5 
primer were incubated for I h at 42*C The reaction was terminated 
by heating the samples for 5 mitt at 75°C Two negative control* 



were carried out for each RT-PCR set by omitting either a< 
myeloblastosis virus reverse transcriptase or RNA from the 
mixture. 

PCR for human and monkey erythropoietin was performed with 
sense primer located in exon 3 (5'-COTCCCAGACACCAAAGTT-3 j 
and the antisense primer located in exon 5 (5 '-AGTGATGGTf j 
CGG AGTGG A- 3 ' ) corresponding to bp 1639-1657 and 2666- 
respectively (numbering according to Jacobs et ol , 1985) in a re*., 
mixture containing 1 x polymerization-buffer (10 mM TYis-HCI f 
9.0 at 25*Q. 50 mM KCl. 0.01% (wt/vo0 gelatin, 0.1% Triton 
100. 1.5 mM MgCIJ. 0.2 mM each dNTP's, 25 pmol of each prin, 
0.2 U Super Tkq Polymerase (SucheJm, Basel, Switzerland) and 3 A 
from each reverse transcription reaction in a final volume of 50 # 
After initial denaturation for 1 min at 94*0, Taq polymerase 
added and PCR was performed for 30-35 cycles (Gene Amp .„ 
System 9600 thermocycler. Perkin Elmer Cetus) with denaturatioo 
94*C for 1 min, primer annealing at 55*C for I min, elongation , 
72*C for 1-5 min, and final elongation at 72*C for 5 rout PCR U 
mouse erythropoietin was performed as described (Dtgtcayli 
etai % 1995). 

Following agarose gel electrophoresis, the relative amount of tarpr 
cDNA versus competitor ONA was quamitated by pixel analysis 
video camera recordings. Coaccumnlaiion of the two cDNA spc 
was verified by erythropoietin RT-PCR analysis using either ^ 
competitor cRNA template (250 fg/assay) or 0.125 ug total UN 
from kidney of stimulated mice containing -250 fg erythropoiei 
mRNA/Hg total RNA. The reactions were stopped after 25, 27, 29, 
31 and 33 cycles and the amplified products were separated by get 
electrophoresis. Analysis of the ethidium bromide-stained gel revealei 
a similar increase in both products after the same number 
amplification cycles. Reproducibility of erythropoietin mR 
quantitation by competitive RT-PCR was verified by quadruple 
measurements of dilution series from the same sample, resulting 
essentially identical values. 
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Detection of erythropoietin receptor mRNA by RT-PCR 
Reverse transcription of total RNA samples was performed J 
described above. An aliquot (3 ul) from this reaction was used ss i 
template for amplification (30-35 cycles). For primate erythropoietn 
receptor. RT-PCR was performed using the sense primer located a 
exon 3 (5'-AOCGTGTCATCCACATCAAT-3') and the antiseastl 
primer in exon 7 (i'-GCCTTCAAACTCXKTCTCTG-S') (cones- 1 
ponding to bp 40M20 and 8*5-866 respectively of the humati 
erythropoietin receptor cONA sequence; numbering according to 
Jones et at, 1990). The amplification profile was 94*C for 1 miA 
60*C for 1 min and 72*C for 1.5 min. The resulting erythropoiem 
receptor product was 485 bp long. One hundred femtograma of homat 
erythropoietin receptor cDNA was used as a positive control. Murist 
erydiropoietin receptor mRNA was detected as describe! 
(Digicaytioghj et at, 1995) using total RNA from murine erytfan>| 
leukaemia (MEL) cells as positive control (D* Andrea et aL 1989)." 

Presentation of data ana statistics 

Where appropriate, data are given as mean ± SD of a experiment 
Student's /-test was used to evaluate the significance of mfferencsf 
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Results i 

Hypoxic induction of erythropoietin mRNA in the primate brai 
Human brain biopsies were used to test whether erythropoietin i 
ascribed in this organ as it is in the rodent brain, lb this end. «* 
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H bp No RT, no reverse transcriptase added. 
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but advantage of the therapeutic treatment of six epileptic patients 
*ho had undergone unilateral amygdala hippocarapeciomy. Total 
samples isolated from these biopsies were analysed by RT- 
revealing that erythropoietin mRNA was present in all three 
n (c. vt **> 48 exempli6ed in Figure 1 A. The identity of the amplified 

the hum* ^ ^ er > tnro P°^ efio product was further confirmed by restriction 
r j ^gnscnt length analysis (not shown). To quantify erythropoietin 
" for 1 ma ***** ,cvcl » m pnmate brain, we established a competitive RT- 
rvthronoka assay This technique involves reverse transcription of the test 
of hurt* t * 1Bpie * *P i * e « i with varying amounts of a synthetic erythropoietin 
tirol Maris added ** sUndard * «"* coamplificanon of the cDNA products 
descn'ti ^ using primers common to born templates, thus correcting for 
rine ervttat lf, " a ^ nt y in e^ciency of reverse transcription and amplification. 
' - * representative quantitation experiment from a hippocampus biopsy 

a show n in figure IB. Independent measurements revealed that I J 
z °-5 1 g erythropoietin mRNA per \ig total RNA (n * 3) was present 
* taman hrppecarnpus as well as in the biopsies of temporal cortex 
xperime^ tad amygdala. 

difference Because it was not possible to investigate erythropoietin mRNA 
i ^gtdBmon in the brain of humans after oxygen deprivation, we used 
) |*K*eys to test whether erythropoietin mRNA is up-regulated in 
A b rain of hypoxic primates. Each two anaesthetized monkeys 
}f H ^wtaneousry breathed a gas mixture containing either 20% 
iropoietf jf^P^xta) or 8% oxygen (hypoxia), the tarter mimkkung the oxygen 
this end, fF^itratioa found at an altitude of 7500 m above sea level. Blood 



gas analysis revealed that after 2 h exposure to 8% oxygen, the 
arterial pO* was 44 mm Hg (5.9 kPa) and the oxygen saturation was 
diminished to 58.5%. compared to 75 mm Hg (10.0 kPa) and 
92.0% respectively in me normoxic control animals. Furthermore, 
erythropoietin serum levels were found to be elevated by a factor of 
2.5 as measured by radioimmunoassay. These findings confirmed that 
the exposed animals were indeed hypoxic. Competitive RT-PCR 
analysis revealed that erythropoietin mRNA levels increased more 
than 200 times (P < 0.01) in the hypoxic kidney, reaching a 
concentration of 1667 t 416 fg erythropoietin mRNA/ug total RNA 
(Fig. 2). Similar to human biopsies (see above), normoxic monkey 
brain biopsies contained 1 . 16 ± 0.4 fg erythropoietin mRNA/jig total 
RNA, independently of the sample's origin (eg. temporal, frontal or 
occipital cortex, cerebellum, hypothalamus, hipprjcarnpas or nucleus 
caudatus). Hypoxic exposure led to an increase of -Mold {P < 
0.001) in the erythropoietin mRNA (^eventration in brain tissue 
(Fig. 2). 

Quantitation of erythropoietin mRNA in hypoxic mouse organs 
Exposure of animals to 0.1% carbon monoxide results in functional 
anaemia and represents a strong stimulus for erythropoietin expression 
(Eckardi tt aL, 1992). Since inhalation of carbon monoxide by the 
monkeys was not practicable, we exposed mice to 0.1% carbon 
monoxide for 4 h (see Materials and methods). Blood sample analysis 
revealed that -50% of the haemoglobin was bound to carbon monoxide 
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Tailb t. Strum unmnncrtacd»e eryth/ppoirtip protein and mRNA levels in different organs from ansrimaltted and carbon monoxide-wned r 
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and control mice wes performed sa described in the legend to Figure 3. Serum erythropoietin fen 



monoxide, exposure to carbon monoxide led to a Mold induction « 
testicular erythropoietin mRNA. 



v QU ^S??^. 0f CT > thn » oteOT (EPO) «RNA in nonnoxk and hypoxic 
J^u*"^ from hypoxic rraSey, 

p^o^ly breatfnng 20 and $% O, respectively for 2 h. and O^Aror^eUn 
f^UT^? ^ competitive RT-PCR. Biepries werTtaken 
ft«mjhe Mfaty (positive control) and different areas of the Mil The 
""rerence between nonnoxk and hypoxic organs was tignificant accerdin* 
to Students Meet (kidney. P < 0.01; brain, pTaooi. » -T^iSSS* 



(as measured by the QXXMHimeter 282. Milan. Italy). Hypoxic 
stimulation of erythropoietin production was confirmed by a 40-fold 
****** in «um erythropoietin protein level (as shown in Table 1 ). 
^rotation of mouse erythropoietin mRNA in several organs was 
performed by competitive RT-FCR. as exemplified by mouse no. 1 
(normoxia) and no. 6 (carbon irjoooxicV^rxjsed) in Figure 3. Table 1 
summarizes the values measured in six animals. In (he Sidney, the 
*aitrerytJi^^ organ, induction was nearly 20CM6M; 

CTythr °P° ietin *W*A levels mcreascd from 10 fg^ig total RNA in 
control mice (« - 3) to l«33 ± 289 f#ug total RNA in carbon 
monoxide-treaied animals (n « 3). Hepatic erythropoietin mRNA 
rose from barely detectable levels to 100 fg/fctg total RNA. In the 

1.83 ± 0.29 fg erythropoietin mRNAfcg total RNA ta control 
mice to 30 fg^g total RNA in carbon moooxick-treamd animals. 
rc *»^ emm * « iowction factor of -20 (see also fig. 3). Low level 
"*™|»*f» mRNA was also found in testis (1.17 i 0.29 fg/ug 
^ IWA)as wen « in the spleen of control mice, foorotfoj* 
i^J!^l^ I T ,K ^ D ^« detected in akeletml muecle. 

inaependentry of whether c* not the mice were exposed to carbon 



20fc 



•v. 

4 



Oxygen-dependent expression of erythropoietin and VEGF* 
cultured mouse astrocytes 

In an attempt to identify erythropc4etin-producing ceils in the 
brain and to examine at a cellular level whether other genes U, 
erythropoietin are op-regulated by hypoxia in mis organ, we culten 
primary cells derived from the neonatal mouse brain. By analogy i 
the situation in the kidney and liver, where non-parenchyma) cd 
are me main source of erythropoietin, we surmised that the giiaj cd 
in the brain, mainly astrocytes and microglia cells, might be a soon - ' 
of erythropoietin pocUiction. Thus, we established cultures eorkat R0.3 Ouan 
m microglia cells and astrocytes. The identity of the two cell rya (br4hind 
was verified using antibodies raised against the Fc receptor (IgO^ competitor 4 
(microglia ceQs) and CFAP (astrocytes). Irnmunofltwescence anarrs 
reveeJed that >90% of the cells in the micro^ fraction were 
for the Pc receptor whereas GFAP-positive cells represented <5%« between th 
all celb (fig. 4). On the other hand. >95% of the cells present i of VEOF t 
the astroglia fraction were GFAP-positive (Fig. 4), thus shown) « el, 199? 
efficient separation of the two cell types. primary asr 

Analysis of total RNA from nonnoxic cells revealed the preset; «P to 9-fofc 
of eiythropoietin mRNA in primary astrocytes only. Quantitative KT VEGF mR 
PCR revealed that the erythropoietin mRNA level in these cells m oxtoiiptin 
up-regulated more than 1 00- fold by hypoxia (1% oxygen) in a tins hypoxic or 
dependent manner (fig. 5). A very faint erythropoietin OT-FC °* these ge 
signal was found in cultured primary microglia and otijodendrocy* * since thi? 
only after hypoxic induction (data not shown), most probably resujaa *»2). Fur 
*^ ^ a mm af in g astrocytes. These results identified astrocytes 1 synergistic 
«ythropoieon-produdng cells and demonstrated that these cells « °*fl line (F. 
t******** increasing the erythropoietin mRNA level in an oxygss f bWsynenj 
fependent manner, Interestingly, addition of cobalt chloride, whW boa with I 
is known to induce erythropoietin expression in fmroan hepatoma cd aurocyiea 1 
tines (Goldberg *r aL % 1987), showed no significant stimulatory effc expressioo 
in astrocytes (fig. 5). inoderately 
To verify that hypoxic up-regnlatton in these cells was tocc* ** gene tr 
we analysed the mRNA leveJs 0/ other gerics sitern^hxeO'oxys^ CAotter. 10s 
oon. We chose cimtrapam and complement C3 because these g3 Vfi 0F in t 
ere known to be expressed in astrocytes. We also investigated 4 affect 
reflation of VEGF mRNA, a potent inducer of anpoteesi ~ 
(irviewed in Plate et sL. 1994). since mis gene is expressed itol ° 9tBcthn 
mammalian brain (Breier et a/.. 1992) and since hypoxic VEGF I ^ mon 
regulation has been observed in human glioblastomas (Shweild et 2 A **mint 
1992). In addition, a has been suggested that there exist stmilsni 1 " 
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tures enrkai f,o, 3. Quantitation of erythropoietin (EPO) mRNA in stimulated and control mice. Erythropoietin raRNA from kidney and brain of mice exposed to 0.1% CO 
(v J b and from unstimulated control animals was quamitatcd by competitive RT-PCR. The RT-PCR product length for mouse EPO ii 395 bp and for the 
ompeihor 402 bp. No RT. so reverse transcriptase itdded; no RNA, no sample RNA added 



0.1% CO 



between the oxygen-sensing mechanisms regulating the expression 
of VEGF and erythropoietin (Goldberg and Schneider, 1994; Levy 
n at. 1995). Northern blot analysis using total RNA isolated from 
primary astrocytes showed hypoxic induction of VEGF mRNA by 
up to 9-fold, whereas cobalt chloride led to only a slight increase in 
VEGF mRNA after 48 h (Fig. 6). In contrast complement C3 and 
con traps in showed no significant increase in mRNA levels after 
hypoxic or cobalt chloride stimulation. To further study the expression 
of these genes we exposed normoxk and hypoxic astrocytes to IL- 
6, since this cytokine activates acute-phase genes in these cells (Potter, 
1992). Furthermore. OL-6 was the only cytokine that showed a 
synergistic effect on erythropoietin induction in a human hepatoma 
°c0 line (Faqutn tt al, 1992). Indeed, addition of IL-6 showed a 1.5- 

synergistic increase to erythropoietin mRNA levels in cornbi na- 
tion with hypoxia, whereas JL4 alone had no effect on normoxk 
•ttrocMes (Fig. 5). IL-6 did not stimulate VEGF or complement C3 
**pre*tion either in oorrooxic or hypoxic astrocytes, and IL-6 only 
Moderately stimulated contrapsin (Kg. 6). It is known, however, that 
tts gene is only induced by IL-6 in the presence of aexamethasone 
(hotter. 1992). In conclusion, the mRNA levels of erythropoietin and 
V ^GF in astrocyte* were specifically up-regulated by hypoxia, and 

affected only hypoxic erythropoietin stimulation. 

°*Bcfjon of erythwpoietin receptor mRNA in the brain of 
"(fl". monkey and mouse 

Assuming that erythropoietin plays a role in the mammalian brain 
considering that erythropoietin moat likely does not cross the 



blood-brain barrier, one would postulate that erythropoietin acts 
locally in this organ. This notion requires the expression of erythro- 
poietin receptor in the brain since so far only one erythropoietin 
receptor is known and erythropoietin exerts its function by binding 
to this receptor. We therefore analysed all brain tissue samples for 
the presence of erythropoietin receptor mRNA by means of RT-PCR. 
As shown in Figure 7A, erythropoietin receptor transcripts were 
detected in all brain areas tested from man (hippocampus, amygdala 
and temporal cortex), monkey (temporal cortex, cerebellum, hypo- 
thalamus, Mppocampus, and nucleus caudatus), and normoxk and 
carbon monoxide-treated mice (Fig. 7B). In addition to the bone 
marrow and brain, mouse erythropoietin receptor mRNA was also 
found in the kidney, testis and spleen. Only marginal amounts were 
detected in skeletal muscle and liver. These findings support the 
notion that interactions between erythropoietin and its receptor 
might have as yet unknown physiological functions in several non- 
h a rrrMfo poiebc organs of mammals. 



Discussion 

Transcription of erythropoietin and erythropoietin receptor In 
the mammalian brain 

We have shown that erythropoietin mRNA is constituiivety expressed 
in all tested areas of norrnoxic brain of man (hippocampus, amygdala, 
temporal cortex), the monkey M. mulatto (temporal, frontal and 
occipital cortex, cerebellum, hypothalamus, hippocampus, nucleus 
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Fic. 4. Identification of astrocytes and microglia edit by 
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FtaJ. Quantitation of erythropoietin (EPO> mRNA levels m priroaty murine 
^^^r™ incubate4 ' or 6-94 h at 20 or 1% w7th « wuE£ 
100 CoCI, chloride or 13 ng/ml Total RNA iaolT^X 



caudatus) and (he mouse. Histological exanunation of the human 
brain samples used in this study showed a reactive gliosis in the 
hippocampus and amygdala (data not shown). This might lead to the 
speculation that erythropoietin expression is enhanced under these 
pathological conditions. However, comparable eventrations 0 f 
erythropoietin mRNA were also found in the normal brain of both 
monkey and mouse. Together with similar observations in the rodent 



Itheflc 



brain (Tan tt al % 1992; Masuda $t at, 1994; DigtcayUoghi et < 
1995) our findings support the hypothesis that erythropoietin pla 
physiological role in the mammalian brain, including the hui 
brain. This notion is strengthened by the relatively high constitu* 
erythrc^ioietin mRNA level found in the norrnoxtc mouse brain: 
taking organ weight into account and assuming identical transcrit 
efficiencies, accumulation of cerebral erythropoietin mRNA - 
considerably higher than in the liver and represented -10% of i 
constitutive renal erythropoietin production. Furthermore, we sb©< 
that erythropoietin gene expression in the brain responds to 
physiological stimuli of hypoxia and anaemia (resulting from exp 
to carbon monoxide) with an increase in the erythropoietin i&r, 
level. In comparison to the aormoxic control mice, hypoxic 
regulation of erythropoietin mRNA was 10 tames higher in the fcj 
and 2-5 times higher in the liver, compared to the brain, 
observation can be explained by assuming that cerebraliy pn 
erymrojwietin would remain in the brain as the blood-brain ^ 
insulates this organ from the bloodstream and most probably hi*, 
renal erythropoietin from entering this tissue. Thus, erythropotc 
might act locally as a paracrine rather than as an endocrine fact 
As such, much lower amounts of erythropoietin could be sulfide 
to achieve local concentrations similar to those in the bone m*m« 
to which erythropoietin has to be transported upon release by 
kidney into the bloodstream and subsequent dilution. AJternariv 
it is possible that the threshold level of the oxygen tensor is diffo 
in the brain compared to the kidney and liver, suggesting that 
response to hypoxia is spccificaJry modulated in every organ. 

So far. erythropoietin is thought to exert its function exclusive*] 
by binding to the erythropoietin receptor. Thus, paracrine action *] 
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erythropoietin in the brain implies the presence of erythropoietin 
«ceptor in this organ. We recently reported the presence of specific 
erythropoietin binding sites and erythropoietin receptor mRNA in the 
*nou*c brain (Digicay lioglu et «/., 1995). Tn addition, erythropoietin 
feeptor mRNA has also been observed in the developing mouse 
ton (Yasuda et ai t 1993) and in the non-erythroid clonal cell lines 
PC 1 2 and SN6, which display neuronal characteristics (Masuda et ai, 
1*93). ( n this study, we have shown that the erythropoietin receptor 
l*ae is expressed in all tested areas of human and monkey brain. 

typoxia-inducibto erythropoietin and VEGF gene expression 
*> Primary astrocytes 

While we detected erythropoietin mRNA in primary cultures of 
"toine astrocytes, only very small amounts were observed in 
"^roglia. Hypoxic induction of astrocytes led to a 100-fold increase 
j* me erythropoietin mRNA level. This increase is considerably 
tifther than that found in vivo (see above), but can be explained by 
r* mucn more severe reduction in oxygen concentration used in vino. 

findings are in agreement with a recent report demonstrating that 
^fvrmed rat astrocytes harbouring the SV40 large T-antigen 
**»xed erythropoietin in an oxygen-dependent manner (Masuda 



et a/.. 1994). Interestingly, cobalt chloride, an inducer of erythropoietin 
production in the hepatoma cell lines Hep02 and Hep3B (Goldberg 
et oL t 1987), had no effect on erythropoietin mRNA levels in primary 
astrocytes, a phenomenon which has also been reported for primary 
cultures of rat hepatocytes, which represent the only other primary 
cells capable of erythropoietin production (Eckardt et at, 1993). 
Addition of IL-6 to the primary astrocytes synergistically increased 
hypoxic erythropoietin mRNA levels by 50%, whereas IL-6 alone 
had no effect under normoxic condition. These findings very closely 
resemble previous results obtained with the hepatoma cell lice Hep3B 
(Faquin et aL. 1992). However, it is unknown how erythxopoierin- 
producing primary hepatocytes respond to FL-6. Unfortunately, the 
lack of a regulated erythroporetm-producing cell line of renal origin 
impedes a comparison with astrocytes. 

lb test whether oxygen-dependent gene expression in primary 
astrocytes is restricted to erythropoietin, we analysed the mRNA 
level of VEGF. another hypoxia-inducible gene, We showed mat 
astrocytes are a source of VEGF production in the brain and that 
stimulation by hypoxia or cobalt chloride led to a significant increase 
in VEGF mRNA levels, whereas addition of IL-6 had no effect. 
These results were confirmed by a recent study, published while mis 
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at, 1993). During embryogenesis. erythropoietin might be involved 
brain development: expression of erythropoietin and its receptor 
been detected in the developing brain of 8- to 10-day old embryos 
Vasuda etaL, 1993) as well as in blastocyst -derived embryonic stem 
t and embryoid bodies, which resemble the 6-4 day egg cylinder 
(Schmitt et at.. 1991; Keller et at.. 1993; Gassmann et of., 
1995). Finally, oxygen-dependent expression of the cytokines erythro- 
poietin and VEGF in astrocytes leads to the speculation that 
jjythropoietin might play a role in angiogenesis in conceit with 
VEGF; erythropoietin receptor is expressed on endothelial cells 
.Anagnostou et al. t 1994) and erythropoietin has been shown to exert 
otogenic and chemotactic effects on endothelial cells (Anagnostou 
fiat, 1990) and to induce angiogenesis from rat aortic rings in vitro 
.Carlioiefo/.. 1995). 

The view of erythropoietin as a mono functional haematopoietic 
hormone, solely produced by the fetal liver and adult kidney and 
xting exclusively on erythroid precursor cells, needs to be revised: 
erythropoietin and its receptor are widely expressed throughout the 
body- A more defined role for erythropoietin in brain and other organs 
a well as during embryogenesis requires studies in transgenic mice 
containing the erythropoietin gene under the control of tissue-specific 
promoters. 
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CFAP 

H-6 
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PBS 

PCR 

VEGF 



glial fibrillary acidic protein 

imerltukin-6 

murine erythroleukaemia 

phosphate -buffered saline 
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vascular endothelial growth factor 
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Abstract 



J^^^c^^^ ** " Mj0r regUlator ° f cry However, we and others have shown that neurons express 
Saf^O 22T ?" i" 1 "*" EPO and that EPO may act as a neurotrophic factor in the CNS.^^o S 

S YZT *?Z.T:" Y ^ "* factore fa astrocytes m a dosenJependent rnanLr^d^at 

ImI^^ conc ^ons required for half-maximal activation were 3 nM IGfTiO^M ICF-II a^d 100 

onSs^d^ri^S!: 11 re8UUUCS ^ h ^ a 8to ^ EPO production in astrceyi Tl^ato^ 

oflOFsand insuhn on EPO production in astrocytes was not affected by the oxygen concentration of astrocyte culture Zn^ll^ 

£ SZu ° f 3StroCytes * mRNA levels, bdic^^ 

^e mRNA level It appeared that the growth factor-induced accumulation of EPO mRNA in astrocytes was 271^7^ 
Eothiopoietin: Insulin; Insulin-like growth factor-I; Insulin-lite growth factor-II astrocyte; Oxygen; mRNA 



1. Introduction 

Erythropoiesis is regulated by EPO, a glycoprotein, that 
stimulates the proliferation and differentiation of erythroid 
precursor cells [23]. In adults, the kidney is a major site of 
EPO reduction (17J and kidney EPO travels through the 
circulation to reach erythropoietic sites such as the bone 
marrow and spleen (in mice). In the fetus, EPO is pro- 
duced by the liver where the erythropoicsis takes place 
146]. Oxygen is a primary regulator of EPO production 
[6,16,22]; hypoxia increases EPO production by activating 
transcription of the EPO gene and also stabilizing EPO 
mRNA. 



Abbreviations: EPO, erytrmipofetm; IOP, insulin-like growth factor, 
7 10 WM Phosphate-buffered saline; EOTA, ethylene glycol bis(S- 
tmlnoethylether)-Ar,^iV'.iV.tetrMcetic acid; APMSP (Z 
Wo*»oplr^^ fluoride; PGR. poiynierue^uun reac- 

oon; RT-PCR, reverse traiiacription-PCR; CNS. central nervous system; 
ciA, enzyme* UnJced immunoassay. 

• Cccrapondicj author. Kyoto University. Faculty of Agriculture, 
r^rtment of Food Science and Technology. Kka^ux^waXS 
SUycKtoi, Kyoto 606*1, Japan, Fa* +81 (75)753^5274. ~ WeC °° 

°006-8993/97/$17.00 Copyright C 1997 Elsevier Science B V All 
n S0006.8993(96)oTi8r9 



It has been thought that EPO exclusively acts on ery- 
throid precursor cells in vivo. However, a number of 
evidence indicate that an EPO-EPOR system in the CNS is 
independent of that for erythropoiesis. We showed that 
neuronal cell lines, brain tissues and primary cultured 
neurons from rat embryos express EPOR protein as weil as 
its mRNA 126,31,32], Using radiolabeled EPO, EPO bind- 
ing sites have been detected in some parts of the adult 
mouse brain, including the hippocampus and cerebral cor- 
tex, where there are neurons vulnerable to ischemia [14]. 
EPO mRNA is expressed in the adult rat brain and its 
expression is hypoxia-inducible [44]. A search for EPO- 
producing cells in the rat brain revealed that astrocytes 
produced EPO in an oxygen-dependent manner. The in- 
creased EPO production at low oxygen was due to an 
increase in EPO mRNA [27], which was confirmed in 
mouse astrocytes [2&1 mRNAs for EPO and EPOR are 
also expressed in the brains of adult primates [28]. 

EPO augments choline acetyhransferase in mouse em- 
bryonic primary septal neurons and supports the survival 
of septal cholinergic neurons in adult rats that have under- 
gone fimbria fornix transsection [20]. The binding of EPO 
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to neuronal eel] line. PC 12, induces a rapid and transient 
influx of Ca 2 + from the outside of the cells [26]. EPO 
protects cultured hippocampal and cortical neurons from 
glutamate-induced cell death [31 J. These findings support 
the notion that EPO in the CNS acts on neurons in a 
paracrine fashion and therefore it is important to under- 
stand how EPO production in astrocytes is regulated. 

We found that EPO production in astrocytes is stimu- 
lated by insulin. IGF-I and IGF-IL Here, we showed that 
stimulation operates at the level of EPO mRNA through a 
pathway independent of the low oxygen-induced activation 
of EPO production. 



2. Materials and methods 

2.7. Materials 

Materials were obtained from the indicated sources: 
Dulbecco's modified Eagle's medium (Gibco, Grand Is- 
land, NY, USA); fetal calf serum (Bio Whittakcr, Walk- 
ersville, MD, USA); bovine insulin (Sigma, St. Louis, MO, 
USA>, recombinant human IGF-I and IGF-H (R&D Sys- 
tems, Minneapolis. MN, USA); protein A and ECL detec- 
tion system (Pharmacia, Uppsala, Sweden); anti-phospho- 
tyrosine monoclonal antibody, RC20, (Transduction Labo- 
ratories. Lexington, KY, USA); anti-IGF-I receptor 0<hain 
polyclonal antibody and IGF-U receptor 0-chain poly- 
clonal antibody (Santa Cruz Biotechnology, Santa Cruz, 
CA. USA); protein assay kit (Bio-Rad Laboratories, Her- 
cules, CA, US Ah total RNA isolation kit (Amnion, Austin. 
TX, USA); avicUn-biotin-peroxidase complex (Vector Lab- 
oratories, Burlingame, CA, USA); [ 35 Slmethionine 
(Dupont, Wilmington, DB. USA); gentstein (Ex- 
trasynthesc, Geney. France). 

2.2. Cell culture 

Astrocytes were cultured with Dulbecco's modified Ea- 
gle's medium supplemented with 10% fetal calf serum in a 
T-flask as described previously [27]. The cells were cul- 
tured under a 5% 0 2 , 5% CG 2 , 90% N 2 atmosphere unless 
otherwise indicated. After 2 weeks. EPO production from 
astrocytes was confirmed by EIA [34]. The medium was 
changed every 3 days. Astrocytes producing EPO were 
seeded in 12-well plates at a density of 10 s /cm* and 
cultured for 1 week. Experiments were started by adding 
various amounts of IGFs or insulin. At intervals, EPO in 
the spent medium was measured by EIA. To measure the 
amounts of cellular proteins, the cells were washed three 
times with PBS, denatured in 1 ml of 0.1 N HQ for 20 
mm, then dissolved in 1 ml of 1 N NaOH. Proteins in the 
lysates were determined with protein assay kit using bovine 
immunoglobulins as a standard. 

Hep3B cells were maintained in Dulbecco's modified 
Eagle's medium supplemented with 10% fetal calf serum 



The cells were incubated with 100 iM orthovanadate 
for 30 min to inhibit phosphatase activity, then 30 nM 
IGF-I or 1 /aM insulin was added. The cells were incu- 
bated at 37°C for 10 min, then washed with ice-cold PBS 
containing 1 raM EGTA, 10 /xM APMSF, 10 M M leu- 
peptin and 100 pM orthovanadate. The cells were lyscd 
by an incubation for 1 h in Ice-cold PBS containing 1% 
NP40. 1 mM EGTA, 10 pM APMSF, 10 p.M ieupeptin 
and 100 p,M orthovanadate. After centrifugation at 10000 
Xg to 20 rain, the solubilized proteins in the supernatant 



under 21% oxygen. For experiments, Hep3B cells were ! 

plated in a 6-well plate at a density of 10 4 /cm 2 and ' 

cultured for 24 h under 21% oxygen. The cells in fresh # 
media containing various amounts of insulin were placed 

under 21 or 5% oxygen for 48 h. EPO in the spent medium • 
and cellular proteins were determined. 

2.3. Measurement of de novo protein synthesis 

The cells were cultured with or without IGFs or insulin 
for 24 h. [ M S]raethionine (50 pCi) was added at zero time. 
Incorporation of the radioactive amino adds into nascent 
protein was measured by measuring the radioactivity in the 
acid-insoluble fraction. The background incorporation was 
assessed by adding 10 jig/ml cycloheximide as an in- 
hibitor of protein synthesis. 

2.4. Competitive RT-PCRfor EPO mRNA 

We estimated EPO mRNA levels by competitive RT- 
PCR. The full-length rat EPO cDNA, REPOl.5 [33J, was 
inserted into the EcoBl site of pUC19. HincU and SnaBI 
digestion of the plasmid containing EPO cDNA and subse- 
quent ligation between these sites yielded a competitor 
DNA that lacks a potion of the inner part of EPO cDN\. 
Total RNA was prepared from astrocytes cultured with or 
without 100 nM IGFs or 1 M M insulin for 16 h using a 
total RNA isolation kit (Arabion, Austin, TX, USA). The 
RT reaction proceeded using a random nanomer primer 
and 1 p.g of heat denatured RNA. To estimate EPO 
mRNA. the transcribed cDNA was co-amplified by PGR in 
the presence of various amounts of competitor DNA, sense 
(REP62F, S'-TCCITGCTACTOATTCCTCTGG-J) a>d 
annsense primers (REP512R, 5'-AAGTATOCGCTGf- 
GAGGTTCG-3'). Amplification of the competitor DNA 
and the transcribed EPO cDNA by PCR gave products of 
282 and 451 bp, respectively. Each of 40 PCR cycles 
consisted of an incubation for 1 rain at 94°C for denatura- 
tion, 2 min at dS^C for annealing and 3 min at 72*C for 
elongation. The amplified DNA was fractionated by elec- 
trophoresis, stained with ethidium bromide and densin- 
metrically analyzed. 

2.5. Detection of phosphorylated IGF-l receptor and in- 
sulin receptor by Western blotting 
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Fig. 1 . Stimulation of EPO production of astrocyte* by IOFs or insulin. In A, cells were cultured with 1CF« or insulin for 12, 24 and 48 h in 5% O,. 5% 
CO, and 90% Nj . then EPO in the spent medium wu assayed with EIA. No addition, (O); 1 M M insulin, (#>, 30 nM IGF-I, U); 30 nM IGF-II, (■). In 
B. ceils were cultured with different concentrations of IGF* or insulin for 48 h in 5% 0 Jt 5% CO* and 90% N a . Insulin, (•); JGF-I, (a); JGF-Q, (■) 
Each point is the mean ± SX>. < « - 3). 
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were recovered. To imrnunoprecipitate the IGF-I receptor 
or insulin receptor, 3 /xg of anti-IGM receptor antibody or 
anti-insulin receptor antibody was added to each sample 
and the mixtures were incubated for 1 h at 4°C. The 
supernatant was mixed with 10 /d protein A gel and 
rotated end over end at 4°C overnight The gel was pel- 
leted by centrifugation at 1000 X g for 5 min at 4°C and 
washed three times with ice-cold PBS containing 1% 
NP40. i mM EGTA, 10 mM APMSF. 10 M M leupeptin 
and 100 fiM orthovanadate. The immunoprecipitated pro- 
teins were recovered in the SDS buffer consisting of 60 
mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1.4 M 
2-roereaptoethanol and 0.001% bromophenol blue and 
boiled for 3 min. The proteins were separated by elec- 
trophoresis on a 7.5% Sl^polyacrylamide gel. Western 
blotting proceeded as described previously [27]. Briefly, 
separated proteins were transferred to a nitrocellulose 
membrane and detected using RC20, avidm-biotin-per- 
oxidase complex and the ECL detection system. 

3. Results 

3.1. Dose-dependent and oxygen-independent stimulation 
o/EPO production by IGFs and insulin 

To examine whether neurons are involved in regulating 
EPO production by astrocytes, the conditioned medium of 
cultured hippocampal neurons from a day- 19 rat embryo 
was added to cultured astrocytes. EPO production doubled 
but further examination revealed that this increase was due 
to the insulin included in the neuron culture medium. This 
finding prompted us to investigate stimulatory effect of 
insulin and IGFs on the EPO production by astrocytes in 
detail, because these growth factors are ubiquitous in the 
CNS [41 Astrocytes were cultured under 5% oxygen in the 
presence or absence of insulin and IGFs, then EPO levels 
in the culture media were assayed by EIA at intervals. 
EPO production was stimulated by IGFs or insulin within 
24 h and was sustained for at least 72 h (Fig. 1A). They 
stimulated EPO production in a dose-dependent manner 
(Fig. IB). Insulin induced stimulation at a concentration of 
10 nM, but 1 mM insulin was required for the maximal 
2-fold increase. IGF-D was more active at lower concentra- 
tions. IGF-I was the most potent stimulator, causing a 
2-fold increase at 3 nM and a maximal 3 .5-fold increase at 
30 nM. Half-maximal stimulation of EPO production was 
achieved by 3 nM IGF-I, 10 nM IGF-D and 100 nM 
insulin. To determine whether or not the stimulation by 
these factors was oxygen-dependent, astrocytes were cul- 
tured with IGFs or insulin under various oxygen concentra- 
tions and the amount of EPO produced over 48 h was 
r^ y ^A * 2A ~ C) * fa a « recn *nt with published results 
127J, EPO production was significantly activated by low 
oxygen tension. However, insulin and IGFs increased EPO 
production under all oxygen concentrations tested. Further. 



more, the effects of growth factors and hypoxia were 
additive and the dose-response curves of individual growth 
factor under different oxygen concentrations were essen- 
tially similar. These results suggest that there are different 
mechanisms of EPO induction by these two stimuli. 

Hep3B, a human hepatoma-derived cell line, produces 
EPO in an oxygen-dependent manner. Therefore, it has 
been widely used for studying the regulatory mechanism 
of EPO biosynthesis. In consistent with the results de- 
scribed previously [161 EPO production by Hep3B cells 
was stimulated by low oxygen tension but culturing the 
cells with insulin did not stimulated EPO production under 
21 and 5% oxygen (Fig. 2D). The insulin receptor is 
expressed in Hep3B cells [11]. 

5.2. Protein synthesis induced by IGFs and insulin 

Insulin and IGFs stimulate protein synthesis in a variety 
of cell types and their effect upon EPO production might 
be derived from an increase in overall protein synthesis. 
Astrocytes were cultured with or without IGFs and insulin 
in the presence of [ 3S S]metmonine. We assayed EPO levels 
in the culture supernatants and the amount of 
["Sjmethioiiine incorporated into proteins in the cells. The 
specific incorporation was calculated by subtracting 'he 
background incorporation, which was assessed in the pres- 
ence of cycloheximide, from the total. Fig. 3 shows a 
slight stimulation of protein synthesis but to a far lesser 
degree than that of EPO production. The low response of 
protein synthesis to insulin and IGFs may be ascribed to 
the astrocytes being confluent. 
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12-16, stimulated by IGF-I. Competitor DNA was included in the PCR reaction mixtures ai follows: bne* 2, 7 and 12, 0.5 fg; lanes 3, 8 and 13 5 tr 
M ll* ^ 15 ' -J* ^ 6> " ^ l6t5 °° ( * »d 282 bp were derived from transcribed 

^J^JlZ^! ° NA - SrW- ^ ***** W * and the ratio of EPQ cDNAnJerived 

product/ corr^etitor-derived product was calculated Arrows indicate reversal points of the band intensity of the amplified products. 



3.5. Accumulation of EPO mRNA by IGFs and insulin 

To determine whether or not IGFs and insulin elevated 
the level of EPO mRNA, total RNA was recovered from 
the astrocytes cultured with or without growth factors and 
rcveise-transcribed. EPOspecific mRNA in the total RNA 
was quantified by competitive PGR. The primers predict 
amplified fragments of 451 bp for the transcribed EPO 
cDNA and of 282 bp for the competitor DNA. Fig. 4 
shows that the amplified DNAs migrated with sizes that 
agreed well with those predicted. The validity of the 
amplified products was also confirmed by restriction en- 
zyme mapping (data not shown). The approximate content 
of EPO mRNA was calculated from the point where the 
band intensity of the EPO cDNA- and competitor DNA- 
derived products reversed. The content of EPO mRNA in 
astrocytes cultured in the absence of growth factors was 
0.18 fg//*g total RNA. Culture with insulin and IGF-I 



increased EPO mRNA levels to 0.44 and 0.80 fg, respec- 
tively (Fig. 4). IGF-U (30 nM) increased EPO mRNA to 
0.60 fg//ig total RNA (data not shown). These growth 
factor-dependent increases in EPO mRNA were compara- 
ble to those of EPO production when astrocytes were 
cultured with these growth factors (see Fig, 1). 

3 A. Phosphorylation of IGF-I and insulin receptor 

Receptors for IGF-I and insulin consists of an extracel- 
lular a-subunit and a transmembrane 0-subunit peptide, 
which are linked by a disulfide bond in the extracellular 
site [361 Following the binding of these ligands to the 
a-subunit of insulin or IGF-I receptor, the tyrosine kinase 
in the 0-subunit undergoes autophosphorylation and acti- 
vation [18391 Hie latter results in the tyrosine residues of 
several intracellular signal transducers being phosphory- 
lated. To demonstrate the involvement of the receptor for 
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IGF-1 or insulin in the stimulation of EPO production, we 
tested receptor phosphorylation. Astrocytes were stimu- 
lated with IGF-I or insulin for 5 rain and the cells were 
solubilized IGF-I receptor or insulin receptor was in> 
munoprecipitated by anti-IGF-I or anti-insulin receptor 
0-subunit antibody and detected by an anti-phospho- 
tyrosine antibody (Rg. 5). In these experiments, the IGF-I 
(30 nM) and insuUn (I ftM) concentrations were those that 
rnaximally activated EPO production (see Fig. IB). Both 
0-subunits of IGF-1 and insulin receptors were phosphory- 
lated by adding either IGF-I or insulin. The size of the 
IGF-I receptor 0-subunit (95 kDa) was in good agreement 
with that of the glial type; the neuronal IGF-1 receptor 
0-subunit has a molecular mass of 91 kDa [43]. 

We examined effect of genistein, an inhibitor of tyro- 
sine kinase, on the stimulation of EPO production by 
IGF-I. Astrocytes were cultured under 5% oxygen for 48 h 
in the presence or absence of IGF-I. IGF-I (30 nM) caused 
a 3-fold enhancement in EPO production. When the in- 
hibitor was added at 30 /iM in the cultures, the enhance- 
ment was reduced to 1.2-fold, which supports that the 
stimulation of EPO production by IGF-I is mediated 
through tyrosine phosphorylation of the receptor. 

4. Discussion 

Several lines of evidence indicate that the EPO/EPOR 
system independent of that in erythropoiesis is present in 
the CNS where astrocytes produce EPO and neurons ex- 
press EPOR 126,27,31,32] and that EPO supports survival 
of neurons [20,311 Therefore, regulation of EPO produc- 
tion by astrocytes may differ from that by the cells (liver 
and renal) involved in erythropoietic system, although the 
oxygen concentration is a common regulatory signal of 
EPO production in the liver, kidney and brain [6,16,22,27].' 
We found that EPO production in primary cultured astro- 
cytes was activated by insulin and IGFs. The widespread 
Asmbution of insulin and IGFs and their receptors in the 
CNS [3.4.7,10,12^535.41,43] suggests that these growth 
factors are involved in the regulation of EPO production in 
the brain. IGFs and insulin have been shown to directly act 
?t\«?*\VZV as n *»'o*n>phic factors 
[U,9.13.15.19.21^4,2937] and they also appear to indi- 
rectly act on neurons by activating production of brain 
EPO, which supports neuronal survival. Interestingly, neu- 
nte promoting activity of IGF-I and insulin in mouse 
motoneurons is astrocyte-dependent [2] and a 17-mer 
peptide sequence in EPO stimulates neurite outgrowth of 
neuroblastoma cell lines [81 

Studies using Hep3B cells have demonstrated that the 
exacting element responsible for hypoxic activation of 
EPO gene transcription is located at its 3 f -flanlting region 
to which binding of HIF (hypoxia-inducible factor, a het- 
eroduner of reacting proteins) potentiates gene tran- 
scription [42]. Phosphorylation of one of the heterodimer 



converts HIF to an active form [45]. EPO production in 
astrocytes, however,, was activated by insulin and IGFs in 
an oxygen concentration-independent manner, suggesting 
that these growth factors exert their effects through a 
pathway different from that of hypoxia-mduced activation. 
Hypoxic stimulation of EPO production in Hep3B cells is 
partly attributable to stabilizing EPO raRNA by binding of 
an yet unidentified protein whose production also appears 
to be hyrwxia-inducible [38]. Although it was clear that the 
growth factor-induced stimulation of EPO production by 
astrocytes is due to an increase of EPO mRNA, it remains 
to be investigated whether the increase is caused by the 
transcriptional activation or an elongated mRNA life-span. 

EPO production in astrocytes was stimulated by insulin, 
IGF-I and IGF-H These growth factors cross-bind to their 
receptors with different affinities. Trie receptor with the 
highest affinity to IGF-H among these ligands is identical 
to the mannose-6-phosphate receptor [30], which has a 
very short intracellular domain and plays a key role in 
sorting cellular proteins into lysozoraes. The stimulation of 
EPO production by IGF-II, therefore, is likely mediated 
via the receptor for insulin or IGF-I. In general, the 
affinities of these ligands to the insulin and IGF-I receptors 
are insulin » IGF-II > IGF-I and IGF-I > IGF-II » 
insulin, respectively [401 IGF-I and IGF-H at low do-.es 
stimulated EPO production in astrocytes, whereas a high 
concentration was required for insulin. These findings 
indicated that the stimulation of these growth factors was 
largely mediated via the IGF-I receptor, although some 
contribution of an insulin receptor-mediated signal could 
not be excluded. In fact, the insulin receptor was tyrosine 
phosphorylated when IGF-I or insulin was added. 
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Radioiodinated erythropoietin (Epo) was bound spe- 
cifically to the cells of two non-erythroid clonal lines, 
PC 12 and SN6, which expressed neuronal character- 
istics. The binding was time-, cell number-, and dose- 
dependent and was reversible. Although the cloned Epo 
receptor from PC12 cells (derived from rat adrenal 
medulla) was identical to that from rat erythroid cells, 
significant differences In the ligand binding properties 
between two cell lineages were found; 1) PC 12 cells 
had a single class of binding sites with very low affinity 
{K* s 16 nM), whereas erythroid cells had two classes 
of binding sites with different affinities {K 4 = 95 pM 
for high affinity sites and 1.9 nM for low affinity sites), 
and 2) cross-linking experiments revealed one cross- 
linked product of 105 kDa for PC 12 cells and two 
products of 140 and 120 kDa for erythroid cells. Taken 
together with additional results, the presence of a pu- 
tative accessory protein(s) that may alter the ligand 
binding affinity through interaction with Epo receptor 
is discussed. The binding of Epo to PC 12 cells caused 
a rapid increase in the cytosolic concentration of free 
calcium. The presence of EGTA had no effect on the 
Epo binding but completely inhibited the calcium in- 
crease, indicating that Epo stimulated the calcium in- 
flux from outside of the cells. The addition of Epo to 
the culture media of PC 12 cells elevated the intracel- 
lular concentrations of monoamines. 



Epo 1 is a major physiological regulator of erythropoiesis. 
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The action of Epo on erythroid precursor cells has been only 
a generally accepted function; Epo supports survival of the 
cells and stimulates their proliferation and differentiation 
(see Ref. 1 for review). Epo, however, acts in vitro on other 
cells besides erythroid cells; Epo promotes differentiation of 
megakaryocytes (2), has a mitogenic and positive chemotactic 
effect on endothelial cells (3), and enhances the immunoglob- 
ulin production by B lymphocytes and their proliferation (4). 
Epo-R is present in the cells from rodent placentas (5). A 
physiological significance of these findings remains to be 
proven but such findings of non-erythroid cells bearing Epo 
receptors may provide us with an opportunity to find a new 
physiological function of Epo. 

Cells derived from the neural crest lineage appear to display 
in culture either neuronal or chromaffin phenotypes. NGF 
induces neuronal characteristics and corticosteroids poten- 
tiate chromaffin properties (6). The rat cell line PC12, which 
has been established from an adrenal medullary pheochro- 
mocytoma, has similar bipotent properties; the cells express 
more neuronal properties with exposure to NGP end keep 
chromaffin properties with corticosteroids (7-9). The cell line 
SN6, a clonal hybrid cell line developed from the septal region 
of the mouse basal forebrain, expresses characteristics typical 
of cholinergic neurons (10). Here we report the presence of 
Epo-R in these two cell lines, molecular properties of Epo-R 
on PC 12 cells compared with that on erythroid cells, and the 
Epo-induced increase in intracellular concentrations of cal- 
cium and monoamines of PC12 cells. The presence of Epo-R 
on these neural cell lines can be rationalized on the basis of 
recent findings that Epo augments choline acetyltransferase 
activity in primary cultured neurons and supports the in vivo 
survival of lesioned neurons (11), although the physiological 
significance of these findings has not been verified. Compar- 
ison of Epo-R on the neural cells with that on erythroid cells, 
therefore, is important for studying a new physiological func- 
tion of Epo and also for understanding the Epo-induced signal 
transduction pathway, including identification of protein(s) 
on neural cells involved in the interaction with Epo. 

EXPERIMENTAL PROCEDURES 

Materials — Materials were purchased from the indicated sources: 
FCS and horse serum, Whitaker M. A. Bioproduct; DMEM and 
MEM, GIBCO; keyhole limpet beroocyanin and ethylene glycol- 
bis(succimidylsuocinate), Pierce Chemical Co.; CH-Sepharose 4B gel, 
Pharmacia; CHAPS, EGTA, and fura-2AM, Dojin Chemicals; 
APMSF, mouse epidermal growth factor, and bradykinin, Wako Pure 
Chemical Industrie: leuneprin, pepstatin, and antipain, Peptide In- 
stitute; block ace. Snow Brand Milk Products; enhanced chemilumi- 
nescence Western blotting detection system and Hybond N filter, 
Amersham; human 1L- IjJ and G-CSF, R&D System, Inc.; mouse IL- 
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3, Collaborative Research, Inc.; human IL-6; tumor necrosis factor 
and GM-CSF, Genzyme; human EDF (activin A), a kind gift from 
Dr. Eto of Ajinomoto; human HGF, a kind gilt from Dr. Higashio of 
Snow Brand Milk Products; mouse NGP, Biochemical Technologies 
Inc.; bovine insulin, Sigma; 01igo(6T)-Latex, Takara 

Cells and Cell Culture— PC12 pheochromocytoma cells were cul- 
tured in DMEM supplemented with 10% horse serum and 5% FCS 
under a humidified atmosphere containing 10% CO,, and SN6. 10.2.2 
cells (a kind gift from Dr. B. H. Wainer) were cultured in DMEM 
supplemented with 10% FCS in the presence of 5% CO,. The latter 
is a subclone of the SN6 cell line (10). PC12 and SN6 cells were 
removed from the flasks and dissociated by pipetting to yield single 
ceil suspensions, The spleen single cell suspension enriched with Epo- 
responsive cells was prepared from Wistar rats made anemic by 
injections of phenylhydraxine (12). Chromaffin cells were prepared 
from rat adrenal medullas (13). Adrenal glands were removed from 
6-week old Wistar rats. Medullas were carefully freed from capsular 
and cortical tissue. The medullary tissue was cut into small pieces 
and kept in Ca s *-free Hanks' balanced salt solution at 37 "C for 20 
min. The dissected medullas were transferred to MEM containing 
10% FCS, 0.15% collagenase, 30 vg/m\ DNase 1, 10 dm HBPES end 
digested at 37 *C for 100 min with constant shaking. Every 20 min 
during digestion, the digestion medium was renewed. The cells were 
washed three times with MEM containing 10% FCS by cemrifugation 
at 50 x g for 3 min. More than 90% of the cells were viable judging 
from staining with trypan blue. 

Epo and Its Binding to the Cells— Recombinant HuEpo was pro- 
duced (14) and isolated (15) as described previously. The fully degly 
cosylated rHuEpo was prepared by the procedures also described 
previously (16). Rat Epo was isolated from the sera of anemic ani- 
mals. 1 Quantities of rHuEpo and rat Epo were measured by sandwich- 
type enzyme-linked immunoassay (15, 17). Recombinant HuEpo was 
radioiodinated at s specific activity of 1.11 MBq/pg protein (IS). 
Experiments for the binding of m I-rHuEpo to cells were done as 
described previously (19). Binding assay mixtures contained cells, 20 
mi* HEPES, pH 7.4, 0.1% bovine serum albumin, 0.1% NaN, Ian 
inhibitor of the ligand internalization), and rHuEpo in a total volume 
of 150 ul PBS. Incubations for binding were done at 15 *C for 3 h 
unless otherwise indicated. The cells were pelleted, washed once with 
PBS, and suspended in 200 pi of PBS. The suspension was layered 
on an 800-m1 cushion buffer (PBS containing 10% bovine serum 
albumin), and the cells were separated from the unbound ligand by 
centrifugstion. The tube contents were frozen in solid COj/ethanol. 
The tip was cut off just above the cell pellet, and the radioactivity 
was counted. Specific binding was defined as the difference in bound 
radioactivity between samples incubated in the absence and the 
presence of 200-foW unlabeled Epo, Scatchard plot analyses of the 
binding data were performed by the LIGAND program (20). 

Internalization of Epo Bound to PC 12 Ceils— Internalization of 
m I-rHuEpo bound to PC 12 cells was measured by the low-pH method 
(21). Binding assay mixtures containing 5.6 x 10 s cells, 7.5 nM m l- 
rHuEpo, and no NaN, were incubated at 15 *C for 3 h or at 37 *C for 
1 h. The cell -associated ligand at 15 'C is equivalent to the cell surface 
receptor-bound ligand. whereas that at 37 # C contains both the recep- 
tor-bound ligand and the internalized ligand. Cells were washed three 
times with PBS and then suspended in ice-cold 0.25 M acetic acid, 
pH 2.5, containing 0.5 M NaCI or in PBS. The receptor-bound Epo 
should be released upon incubation at the acidic pH, but the inter- 
nalized Epo should remain cell-associated. The cell suspensions were 
incubated at 0 # C for 3 min and layered on ths cushion buffer. After 
centrifugstion, the tube contents were frozen, and the tips were cut 
off as described previously. Radioactivity of the tips represents the 
internalized Epo and that of the supernatant represents Epo released 
from Epo-receptor complexes on the cell surface. Control runs were 
done in the presence of 200-fold unlabeled Epo. 

Cross-linked Product* —Cross-linked products between m I- 
rHuEpo and EPO-R were prepared as described previously (18). 
Briefly, cells (1.5 x 10 T ) were incubated with 6 n&i m I-rHuEpo at 
4 *C overnight. The cells were washed and then incubated for cross, 
linking with 0.4 mM ethylene glycolbis(succimidyl8uccinate) at 0 'C 
for 1 h. Cross-linked products were extracted by the extraction buffer 
containing 2% Triton X-100, 10 nii APMSF, 10 »m pepetatin. 10 *M 
leupeptin, and 1 mhf ECTA and then analyzed by SDS-polyacryl- 
armde gel electrophoresis. 

Anti-mouse Epo-R A ntiserum— Recombinant mouse soluble Epo- 

f?** 1 ? 0 ' H Su **' S - Masuda, M. Nagao. H. Narita, K. Ikura, 
and R. Sasaki, manuscript in preparation. 



R locking cytoplasmic and transmembrane domains was produced 
and isolated (22). Rabbit anti-mouse soluble Efco-R antiserum was 
prepared by injection of the isolated soluble Epo-R. Rabbit anti-NHt- 
terminal mouse Epo-R antiserum was prepared using the 15 NH r 
terminal amino acid peptide conjugated to keyhole limpet hemocyanin 
as an antigen (22). 

Preparation of r HuEpo- fixed Gel— For preparation of the fyo-6xed 
gel, 150 mg of rHuEpo in 100 mM NaHCOj was gently mixed with 9 
ml of CH-Sepharose 4fi gel at 20 *C for 1 h and at 4 *C overnight. 
The gel was pelleted by cemrifugation end then suspended in 100 
mM Tris-HCl, pH 8.0, to block the remaining sites on the pi. 
Washings of the gel were done four times each with the acidic solution 
(50 mM acetic acid containing 500 mM NaCI) and then with the basic 
solution (50 mM Tris containing 500 mM NaCI). The Epo-fixed gel 
was kept in PBS containing 0.1% NaN) at 4 *C before use. 

Immunological Detection of Epo-R Solubilized from PC 12 Cells and 
Rat Erythroid Cells by Western Blotting— Epo-R solubilized from 
PC] 2 cells and rat spleen erythroid cells was concentrated using the 
Epo- fixed gel and then identified with the Western blotting technique. 
About 10* cells were lysed by incubation at 4 *C for 1 h in 2 ml buffer 
A, PBS containing 0.5% (w/v) CHAPS, 10 *m APMSF, 10 pM 
leupeptin, and 1 mM EGTA. The lysate was centrifuged 12,000 x g 
for 30 min at 4 *C. The supernatant was mixed with 15 u\ of rHuEpo- 
fixed gel (15 mg of rHuEpo/rol of gel) overnight at 4 *C. The gel was 
pelleted by centrifugation and washed three times with 500 <d of 
buffer A. Proteins bound to the Epo-fixed gel were solubilized In 50 
jd of SDS-buffer consisting of 60 mM Tris-HCl, pH 6.8, 2% SDS, 
10% glycerol 1.4 m 2-mercaptoethanol, and 0.001% bromphenol blue. 
Solubilized proteins were separated by electrophoresis with SDS, 9% 
polyacrylamide gel. Western blotting was carried out according to the 
method of Bumette (23) with some modifications. Briefly, polyacryl- 
amide gel was immersed in 50 ml of transfer buffer consisting of 48 
mM Tris, 39 mM glycine, 1.3 mM SDS, and 20% methanol for 15 min. 
with two changes in buffer solution. The proteins in gel were trans- 
ferred to a 0.45-iiro nitrocellulose filter at 1.2 rnA/cm 2 for 40 min. 
The nitrocellulose filter was immersed in 15 ml of block ace at 4 'C 
overnight for blocking. The filter was then dipped into 15 ml of buffer 
B consisting of 0.05% Tween 20, 5% block ace in PBS, and the anti- 
soluble Epo-R antiserum. After the incubation for 1 b at room 
temperature, the filter was washed, three times with buffer B and 
then immersed in 15 ml of buffer B containing peroxidase- fixed goat 
anti-rabbit IgG (1 jig/ml) for 1 b at room temperature and then 
washed five times with buffer B. The antigen, Epo-R, was visualized 
using the enhanced chemiluminescence Western blotting detection 
system. 

Northern Analysis of Epo-R mRNA from PC 12 Cells and Erythroid 
Cells— Totsl RNA from PC12 cells was prepared using the method 
for preparation of cytoplasmic RNA (24). Total RNA from anemic 
rat spleen and fetal mouse liver cells was prepared according to the 
manufacturer s instruction (Pharmacia) using gusnidinium isothio- 
cysnate, CsCl, and trifboroacetic add. Pory(A)* RNA was isolated 
using o!igo(dT)-Latex. Poly(A)* RNA (8 ug) treated with glyoxal/ 
dimethyl sulfoxide (24) was loaded in each lane of a 1% agarose gel. 
After electrophoresis, the RNA was blotted onto Hybond N filter, 
and the filter was hybridized with the "P-labeled coding region of rat 
Epo-R cDNA between the F and R primers (see below) as a probe. 

Nucleotide Sequence of Epo-R cDNA from PC 12 Cells and Rat 
Erythroid Ccfls— The coding regions of Epo-R cDNAs from anemic 
rat spleen cells and PC12 cells were obtained using the RT-PCR 
method (25). Primers N (5 # -GCCAACCT TGGGCTGCATC ATO-3 , > 
C (S^CCTCTACA GTAGGCTGCAGTCdTA -a' I Pl&'&TWrriil 
AGCAACCTOCG -3), and R ^^ TCgA^TGGTGTATTCO n 
were synthesired to amplify the coding region of Epo-R from I*C12 
cells and rat erythroid cells. The underlined sequences in the primers 
N, C, F, and R correspond to the mouse Epo-R cDN A sequences, 18- 
30, 1564-1549, 640-656. and 1314-1296, respectively (numbered ac- 
cording to Kef. 26): RT-PCR using primers N and C amplifies the 
whole coding region of Epo-R The 5' eight nucleotides in primers N 
and C were added for creation of restriction sites. Single-stranded 
cDNAs were synthesized by Molony murine leukemia virus reverse 
transcriptase (Bethesda Research Laboratories) using poly(A)* RNA 
from anemic rat spleen cells and PC12 cells as templates. PCR was 
performed between primers K and C. N and R, or F and C using 
single-stranded cDNAs as templates. Nucleotide sequences of RT- 
PCR products were determined by the direct sequencing method (27) 
and those of cloned RT-PCR products by the cUdeoxy sequencing 
method using Sequenase (28). 
Calcium Concentration— Intracellular calcium concentrations were 
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determined using the fluorescent calcium indicator fura-2 (29, 30). 
PC 12 cells were loaded with 10 *iM fura-2AM. the ester form of fura- 
2, by incubating the cell suspensions in PBS at 2 x 10* cells/ml for 
45 rain at 37 *C. The cells were washed three times by an isotonic 
buffer consisting of 125 m&l NaCl, 6 roM KC1, 1.2 mM MgCl/, 1.2 mM 
KH,P0 o 5 raw KaHCO,, 1 mM Ca<X 6 mM glucose, 25 mM HBPES, 
and 1 mM CaCl* and resuspended in the same buffer. One-milliliter 
aliquot* of the cell suspension were pipetted into tubes and the tubes 
were kept on ice for I h. Cells were resuspended in the same buffer 
warmed at 37 *C. Fluorescence measurements were made in I -ml 
samples continuously stirred in quartz-glass cuvettes and thermo- 
statically maintained at 37 *C. Fluorescence was monitored with a 
Shimazu RF-5000 apectrofluorimeter, with excitation at dual wave- 
lengths (340 and 380 nm) and emission at 490 nm; ratios of fluores- 
cence intensities emitted when excited at 340 and 380 nm were 
recorded. 

Intracellular Monoamine Concentrations of PC 12 Celts— PC 12 cells 
(1.2 x 10 f cells/3 ml of medium) were cultured in a 35- mm plastic 
dish for 2 days in the presence of Epo at 3 nM or in its absence. Cells 
were thoroughly washed with PBS and suspended in 100 jal PBS. An 
aliquot (20 $t\) of the suspension was used for measurement of protein 
according to Lowry's method after the lysis of cells in 1% SDS. The 
remainder (80 til) of the cell suspension was homogenized with 200 
m\ of 0.1 m perchloric acid. After centrirugation, the supernatant was 
passed through a 0.22-*m filter. Monoamine contents in the filtrate 
were measured with ESA's Coulo metric -detector Array Gradient Sys- 
tem (Neurochem Nikko Bioscience). 

RESULTS 

Binding of Epo to Rat Neuronal and Erythroid Ce/fc— Fig. 
M shows the time -dependent binding of ,:a I-rHuEpo to PC12 
cells. The maximum specific binding occurred within 3 h of 
incubation at 15 *C. There were proportional increases in the 
specific binding as the number of PC 12 cells increased (Fig. 
IB). Similar results for the time- and cell number-dependent 
binding were obtained with SN6 cells and rat spleen cells 
enriched with Epo -responsive cells (data not shown). Scat- 
chard transformation of ligand-saturation curves of PC12 and 



SN6 cells yielded straight lines (Fig. 1 C), indicating that these 
cells had a single class of binding sites. There were 1390 sites/ 
cell with a K, (dissociation constant) of 16 nil on PC12 cells 
and 84 sites/cell with a JC of 10 nM on SN6 cells. A Scatchard 
plot of rat spleen erythroid cells was biphasic (Fig. 10); 
erythroid cells had high-affinity binding sites (33 sites/cell, 
K d = 98 pM) and low-affinity binding sites (252 sites/cell, 
« 1.9 nM). 

We examined whether the binding of Epo to PC 12 cells was 
reversible. Radioiodinated rHuEpo was bound to cells by 
incubating the binding mixture at 15 *C for 3 h. The cells 
were washed thoroughly to remove the free ligand. The 
washed cells were again incubated at 15 °C, and the decrease 
in the bound ligand during incubation was measured. Fig. 2 
shows the time-dependent release of radioactivity from PC 12 
cells and rat erythroid cells. The dissociated radioactivity was 
precipitated almost completely by 5% trichloroacetic acid and 
migrated in SDS-polyacrylamide gel with a molecular size 
similar to that of " & I-rHuEpo; binding of Epo to PC12 cells 
as well as to erythroid cells is reversible. Epo appears to 
dissociate more rapidly from PC 12 cells than erythroid cells. 
Since the unlabeled Epo is not added in the ligand-dissocia- 
tion mixture, however, the time-dependent release of Epo in 
Fig. 2 reflects both dissociation of Epo from the cells and 
reassociation of the dissociated ligand. 

Table I shows that Epo bound to PC12 cells was internal- 
ized at 37 "C but not at 15 X. After the cells were incubated 
with '"I-rtiuEpo at 15 or 37 *C, the cell-associated Epo was 
exposed to a neutral pH or an acidic pH and then centrifuged 
At the acidic pH the ligand bound to the cell surface receptor 
would be released from the cells, and therefore the radioactiv- 
ity should appear in the supernatant after centrifugation. But 
the internalized ligand would not be released from the cells 
upon low-pH treatment, and therefore, the radioactivity 
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Fig. l. Binding of '"I-rHuEpo to 
PC 12, SN6, and rat spleen eryth- 
roid oells. A, time dependence of bind- 
ing to PC 12 cells. Binding mixtures con- 
tained 7.5 nM m l-rHuEpo and 4.5 x 10* 
cells. •, total binding; O, nonspecific 
binding, and ■. specific binding. B, cell 
number-dependency of binding to PC12 
cells. total binding; O t nonspecific 
binding; specific binding. Binding mix- 
tures contained 5 nM m l-rHuEpa C, 
Scatchard plots of Ugand-saturation 
curves of PC 12 celb (•) and SN6 cells 
(O). Binding mixtures contained 2 x 10* 
PC12 cells or SN6 cells. D. Scatchard 
plot of rat erythroid cells. Binding mix- 
tures contained 2 x 10* cells. Each point 
in Scatchard plots is the mean ± S.O. of 
quadruplicate assays (C and D). 
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should be associated with the pelleted cells. When Epo was 
bound to the cells at 15 "C and then the cell -associated Epo 
was exposed to the neutral pH, most of the radioactivity was 
associated with the pelleted cells. The radioactivity, however, 
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Pig. 2. Reversible binding of Epo to PC 12 cells and rat 
cry thro id cells. Binding mixtures were as described under "Exper- 
imental Procedures" except that the mixtures of rat spleen erythroid 
cells contained 0.5 nM m I rHuEpo and 4 x 10* cells, and the mixtures 
of PC12 cells contained 5 nM l5s I-rHuEpo and 2.5 x 10* cells. The 
mixtures were incubated at 15 *C for 3 h for binding of Epo and then 
the cells were washed three times by PBS. The washed cells were 
suspended in 150 u\ of PBS. The suspensions were incubated at 15 "C 
for indicated periods and centrifuged on the cushion buffer. Radio- 
activity of the cell-associated Epo was counted. The total cell -asso- 
ciated radioactivity of rat spleen cells at zero time was 4454 ± 183 
cpm (mean of duplicate assays ± deviation of duplicate values), and 
the nonspecific binding was 1194 ± 37 cpm; therefore, specific binding 
was 3260 cpm. The total and nonspecific binding of PC12 cells was 
$536 ± 289 and 3763 ± 176 cpm, respectively; specific binding was 
2773 cpm. Specific binding was defined as 100%. Nonspecific binding 
at each point was measured using the ceils bound to m I-Epo in the 
presence of 200-fold unlabeled Epo in the binding mixtures. O, rat 
erythroid cells; •, PC12 cells. The supernatants that contained the 
radioactivity released from the cells were used for identification of 
the released radioactive material (see text). 



was almost completely removed from the cells when the cell- 
associated Epo was exposed at the acidic pH. When the 
binding was done at 37 *C, approximately 40% of the total 
specific binding was still cell-associated after exposure to the 
acidic pH, in agreement with erythroid cells (21). The specific 
binding of Epo to PC 12 cells at 15 *C is indeed equivalent to 
the receptor-bound Uganda on the cell surface, but a signifi- 
cant portion of the ligands bound to the cells at 37 "C is 
internalized. 

The culture of PC12 cells in the presence of NOP caused 
neurite growth. When Epo binding was tested for PC12 cells 
cultured for 3 days in the presence of 2 nM NOP, there were 
no significant changes in the characteristics of Epo binding, 
including the number of binding sites. 

PC 12 cells were derived from rat adrenal chromaffin cells 
<6). The natural chromaffin cells were prepared from rat 
adrenal medullas, and the specific binding of m I-rHuEpo at 
10 nM was tested using 4 x 10 5 cells. There was specific and 
reproducible binding (410 ± 20 cpm in triplicate assays), but 
low numbers of the available cells did not allow us to carry 
out further characterization of the binding. 

Specificity of Binding of Epo to PC12 Cells— Affinities of 
Epo binding sites on PC 12 and SN6 cells are much lower than 
those on erythroid cells, and Epo is a heavily glycosylated 
protein (1, 16). It is possible that the Epo binding to these 
neuronal cells occurs through recognition of sugar chains 
attached to Epo, like a lectin-glycoprotein interaction. This 
possibility, however, was excluded by the results that the 
deglycosylated form of rHuEpo inhibited the specific binding 
of ,5W I.rHuEpo with a potency similar to that of the fully 
glycosylated rHuEpo and that metal chelators (EGTA and 
EDTA) and monosaccharides (GalNAc and Gal), which are 
inhibitors of the interaction among some lectins and glyco- 
proteins, showed no effect on the specific binding (Table II). 
Rat Epo also inhibited the specific binding of l2 *I-rHuEpo 
with an efficiency similar to that of the unlabeled rHuEpo, 
indicating that the low affinity of PC12 cells was not due to 
a combination heterogeneous in origin of the ligand and target 
cells. The monoclonal antibodies (R2 and R6) against rHuEpo 
decreased the binding, probably by deprivation of free ligand, 
hut the control antibody directed against transglutaminase 



Table I 

Internalization of Epo bound to PC 1 2 celts 
Ra&oicdinated rHuEpo was bound to PC12 cells under the different conditions, and the cells were then separated from the free ligand as 
described under Experimental Procedures.- The cells were subjected to the postbinding treatment for 3 nun on ice and centrifueed. 
Radioactivity of the supernatant and pelleted fractions was counted. radioactivity due to nonspecific binding was measured with the 
experiments in which 200-fold unlabeled Epo was added to the binding mixtures. Each value is the mean of duplicate assays ± deviation of 
duplicate values. The values in parentheses indicate specific binding. Total radioactivity represents the sum of supernatant and pellet 
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Table II 
Specific binding of Epo to PC 12 cells 
Binding mixture* contained 5 nM i;f 1-rHuEpo and 2.5 x 10* PC 12 
cell*. The substance was added to the binding mixture jusi before the 
labeled Epo was added. Nonspecific binding measured in the presence 
of 200-fold unlabeled Epo was :M20 cprn (mean of duplicate, 0314 and 
3525 cpm). Each value is the mean of duplicate assays ± deviation of 
duplicate values. Specific hinding <S) was calculated from the mean 
value. 
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Fic. 3. Afflnl^ crc^.ltnks*^ 
and rat erythroid cella. Binding mixtures of rat etythroid cells 
contained 2 nM .'"IrrHuEpb and 2 k 10 7 cells, and. those of PC12 cells 
contained 6 nttlfgandand r.fr x 10' celts. Lcihea I and 2; rat erythroid. 
cells; lanes 3tn&A. PCr2:cellr. Incubations for binding were done in ' 
the presence of-.20O-fold unlabeled Iigand [lanes- 2 and 4) or in. its 
absence; (l&nes 1 and 3). .- *'*> *-" ." ... 
'.'*-. *" a *• . * 

showed little effect: No inhibition of the binding was found, 
in the presence of the/following individual growth factor at 
20 nM ILtW/20 nM IL'3, 200 nM IL-6; 200 nM G-CSF. 200 
nM GM-CSF, 200 nM EDF (activin A), 200 nM tumor necrosis 
factor, 80 nM: hepatbcyte growth factor, 1 jim epidermal 
growth factor, 200 nM NGF, and 20 mm insulin. These prop- 
erties of. the Epo binding sites on PCl2cells demonstrate that 
the cells express Epo-specific receptors which interact with 
the polypeptide part of the Iigand. 

Cross-linked Products— Epo receptors on PC 12 cells and 
rat erythroid. cells were affinity-labeled by a chemical cross- 
linker, solubilized with Triton. X- 100, and then analyzed by 
SDS-polyacrylamide gel electrophoresis under reducing con* 
ditioris (Fig. 3). There were two cross-linked products of rat 
erythroid cells with the molecular masses of 120 and 140 kDa. 
and a single product of PC12 cells with a 105-kDa molecular 
mass. These products were not detected when an excess of 
unlabeled Epo was added to the binding mixture. Subtracting 
the molecular mass of Epo, 35 kDa, from those of the cross- 



linked products gave the apparent size of the component 
cross-linked to Epo in each product; 85 and 105 kDa of 
erythroid cells and 70 kDa of PC 12 cells. 

Immunochemical Detection of Epo-R of PCJ2 Cells and 
Erythroid Cells— Rabbit anti-mouse Epo-R antiserum was 
prepared by using the soluble form of mouse Epo-R as ah 
antigen. This antiserum was used to identify Epo-R of eryth- 
roid cells and PC12 cells. Epo-R was solubilized from cells 
and concentrated by the Epo-fixed gel. The concentrated Epo- 
R was detected by the Western blotting technique (Pig. 4*. 
Epo-R of mouse erythroid cell line, TSA8, was detected as a 
single band with a molecular size of 68 kDa (lane I ). A band 
with a similar size was found for rat spleen cells ilane 2). 
These bands were undetectable when the antiserum was pre- 
adsorbed with the antigen, soluble form of mouse Epo-R 
(lanes 4 and 5). PC12 cells yielded one major band at 62 kDa; 
and two additional minor bands at 58 and 54 kDa (lane 3). 
The major 62-kDa band appears to be Epo-R on PC12 cells, 
because the minor bands were still detected by the pre* 
adsorbed antiserum (lane 6). Experiments using the an*i- 
NHrterrainal antiserum also showed Epo-R of 68 kDa in 
TSA8 and 62 kDa in PC12 cells. 

Northern Blotting of Epo-R mRNA~ PolytAr RNA was 
isolated from fetal mpuse liy^r cells, rat spleen cells, and PCX? 
cells and subjected to Northern hybridization using rat.Epo- 
R cDNA as a probe (Fi&.5); The rat probe hybridizes with 
raRNA from fetal mouse liver cells (lane />, rat spleen cells 
ilane 2), and PC12 cells (lane 3). The size (2.1 kilohasea) of 
rat mRNA agrees with that from mouse, ceils (26, 31). 

Nucleotide Sequence ofEpo~RofPCl2 Celts and Rat Eryth- 
roid Cells— The affinity of Epo to PC 12 Epo-R is very low as 
compared with that of erythroid cells <Fig. 1); and the size of 
PC12- Epo-R is smaller than that of erythroid cells (Fig. 4). 
In order to know whether this low affinity is due to expression 
of a deletion-mutant Epo-R on PC12 cells, we determined the 
nucleotide sequence of the entire coding region of Epo-R 
cDNA-from rat erythroid cells and PC12 cells; The nucleotide 
sequence :pl ;PCi2.ceUs was identical to that of^rat erythroid: 
cells-.. Fig* .6 shows the nucleotide sequence of rat Epo- R anS 
its deduced amino acid sequence: the matured rat Epo-R 
consists of 483 amino acids,, and . its calculated molecular 
weight Is $2,794. Fo* comparison, the amino acid sequences 
of mouse {26>. and human {32, 33) Epo-R are. shown; The. 
amino acid sequences of the matured proteins were 82% 
conserved between the rat "and human Epo-R*. Homology 
between rat and mouse increased to 94%. Insertion of. one 
amino acid occurs at position 49 in human Epo-R. the 
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Fig. 4. Immunochemical identification of Epo-R of PC12 
celts and erythroid cells. Rat spleen, erythroid cells, PC12 cettV 
and mouse exythroteukeraia cells (TSAfl) were soluhilised by CHAPS; 
Epo-R in the lysates was concentrated using the Epo- fixed gel. The 
concentrated Epo was detected by the Western blotting technique 
using anti-soluble Epo-R antiserum. In A> the anti-soluble Epo-R 
antiserum was used without the antigen preadsorptton. whereas, in 
6, the antiserum was preincubated with excess antigen, soluble Epo* 
R. Lanes I and 4 % TSAfl cells; lane* 2 and 5, rat spleen ceils; lane* 3 
and 6\ PCI2 cells. 
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Pio. 5. Northern blot analyses of Epo-R mRNA. PolyfA)* 
RNA (torn fetal mouse liver cell* (lane /), rat *pleen- cells (lane 2), 
and PC12 cells {lane 3) was loaded fa each lane of 1% agarose get 
RNA blotted to the filter was hybridized with "P-labeled rat Epo-R 
cDNA probe. 

presence of 4 spaced cysteines near the amino terrainus.{po- 
sitions 28, 38, 66, and &2) and a WS- motif (WSXWSat 
positions 208-212") in the extracellular region is the charac- 
teristic conserved features of a new cytokine receptor family 
to which receptors of Epo, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, 
GM-CSF, G-CSF, and prolactin belong (34, 35). The WS 
motif of Epo-R appears to be critical for protein folding, 
ligand binding, and. signal transduction (36, 37). One N- 
glycosylation site (NYS at positions 51-53) is conserved in 
rodent arid human Epo-Rs. In the cytoplasmic domain, there 
is d well conserved region (positions 248-295) proximal to the 
transmembrane domain. This region is homologous to the Il> 
2 receptor chain (34). and contains the sequence that appears 
to play a key role in. expression of the growth signal including- 
tyrosine kinase aotivity (38=-40).-Foiiy amino acid residues in 
the carboxyi: terminus have been proposed as a negative 
regulatory region (40). this regulatory.regioh is preceded with 
a Highly conserved region (positions 418-446) whose signifi- 
cance is not known. 

Effect* of Epo on Cultured PC12 Cells— There were no 
effects, on (*HJthymidine incorporation into DNA of PC12 
cells. Incubation of PC 12 cells with Epo caused a rapid and 
transient increase in the cytosolic free calcium concentration 
(Fig; 7A). This increase was completely abolished by the £po- 
directed monoclonal antibodies R2 and R6 (not shown). An 
increase in the calcium, concentration also occurred with the 
addition of bradykinin, a control compound that has been 
known (30) to mobilize calcium from intracellular stores to 
the cytoplasmic fraction (Fig. 7A). EGTA abolished the in- 
crease in calcium by Epo but had no effect oh the bradykinin* 
induced increase (Fig. IB). Epo-tnduced increase in the cy- 
tosolic concentration was dose-dependent; when Epo was 
added at 30 pM. 900 pM. 3 nM, and 6 nM. increases of the 
calcium concentration in percent were 10 ± 6.3 (n « 10), 49 
± 13.9 (n « 12, p < 0.025), 60 ± 13.9 in * 12. p < 0.025), and 
70 ± 17.0 (n « 7, p < 0.025), respectively, where the calcium 
concentration without addition of Epo was defined as 100 and 
the increased values were means ± S.E. Addition of Epo at 9 
nM resulted in a rather I6w increase of 36 ± 11.6 (n » 12, p < 
0.025) by an unknown reason. 

A culture of PC12 cells in the presence of Epo elevated 
intracellular concentrations of monoamines such as DOPA, 
dopamine, DOPAC, and HVA;.MDOPA remained unchanged 
(Fig. 8). This may suggest that tyrosine hydroxylase, a key 



enzyme in the biosynthetic pathway of the four monoamines 
that increased, is activated or accumulated. 

DISCUSSION 

Stimulation of erythropoiesis has been thought to be an 
exclusive physiological function of Epo. Findings that Epo-R 
exists on megakaryocytes (2), endothelial cells from human 
umbilical vein and bovine adrenal capillary <3), B-Iympho- 
cytes (4), rodent placenta cells (5), multipotential hemato- 
poietic stem cells (42), and embryonic stem cells (42. 43). 
however, may suggest yet unidentified functions of Epo, al- 
though some of these findings may not be physiologically 
meaningful The PC12 pheochromocytoma cell line has been 
a widely used model system for studying the action mechanism 
of NGF on neurons, because this cell line undergoes neurite 
outgrowth responding to NGF (7). SN6 cells display some 
properties, of cholinergic neurons such as high choline acetyl- 
transferase activity and neurite extension (8). In this paper 
we described that these cell lines had Epo-binding protein*. 
Detailed analyses of PC12 cells and rat erythroid' cells, in- 
cluding nucleotide sequence analyses of Epo-R, revealed that 
the Epo-binding protein on PC 12 cells- is' the counterpart of 
eiythroid cells. Expression of Epo-R on these neural cell lines 
seems not to be accidental, because Epo augments choline* 
acetyltransferase activity in mouse embryonic? primary septal 
neurons and supports survival of septal cholinergic neurons' 
in adult rats (ti). Epo exerts its activity on these neurons at 
a nanomolar range (1 1), which is comparable with K A of Epo- 
R on PC12 and SN6 cells. A prerequisite for inference of a 
physiological significance of Epo-R in nerve cells is to dem- 
onstrate production of Epo in brain. Currently we are at- 
tempting to find Epo production in brain tissue. 

Immunochemical detection of solubilized Epo-R showed 
that the size (62 kDa) of Epo-R from PC12 cells was smaller 
than that (68 kDa) from rat erythroid cells. Analyses of PC12 
mRNA by Northern blotting and its nucleotide sequence, 
however, were indicative of expressing neither a mutated Epo- 
k nor an alternative splicittg-cWriyed Epo-R:. Neural cells may 
differ fromerythroid cells in post-translational processing of 
Epo-R, resulting in expression of Epo-R with different sizes. 
One putative N-grycbsylation site existing in the extracellular 
doraajn of Epo-R could be a cause for the size difference, but 
the difference could also result from other processings such 
as proteolysis and phosphorylation. Proteolytic removal of 
the NH S -terminal region- from PC12 Epo-R is unlikely, be- 
cause the antiserum against the NH a - terminal peptide reacts, 
with the solubilized Epo-R. 

The ligand affinity of Epo-R on neural cells IKi - 10 - 16 
nM) is significantly lower than those on erythroid cells (K H « 
95 pM for high affinity site and 1.9 nM for low affinity site). 
The low affinity of Epo-R on PC12 cells might be related to 
a post-translational processing that yields Epo-R with a 
smaller size. But the AUinked sugar, if it causes the difference 
in Epo-R size, is not responsible for the affinity difference, 
because the JV-glycosylation site-defective mutant of mouse 
Epo-R (44) and its extracellular soluble domain (22) are 
similar to the respective wild-type counterpart' in binding 
with Epo, 

A more intriguing hypothesis to account for the affinity 
difference is that there are accessory proteins that interact 
with Epo-R, altering interaction of Epo-R with the ligand. 
Cross-linking experiments revealed the presence of two pro- 
teins with 105 and 85 kDa in erythroid cells and a 70- kDa 
protein in PC12 cells (the size of Epo, 35 kDa, has been 
subtracted from the cross-linked products) (see Fig. 3). The 
two proteins found in rat erythroid cells are consistent with 
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Fig. 6. Nucleotide sequence of rat Epo-R and amino acid sequence* of rat, mouse, and human Epo-R. The nucleotide sequence 
of rat Epo-R is presented in the first line. Amino acid sequences of rat (RT), mouse {MS), and human (HIT) Epo-R are presented in the 
second, third, and fourth lines, respectively. Position 1 was given to the putative NHa-terminal amino acid of the matured protein (26). The 
transmembrane domain is underlined. Amino acid sequences of mouse (26) and human (32, 33) were cited from the indicated sources. The 
nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank Nucleotide Sequence Databases with accession 
number D13566. 
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Pic. 7. A Epo-induced increase in cytosolic calcium concentration of PC 12 cells. A, Epo at 3 Mi and bradykinin at 0 I idm were 
added to the hira-2 AM-loaded PCl2 cells at the indicated time. The ratio F340/F380 represents the ratio of fluorescence at 490 nm when 
excited at 340 nra to that when excited at 380 run. B, experimental conditions were as in A, except that 1 mis EGTA was present in the assay 
mixture. EGTA inhibits an Epo-induced increase in the cytosolic calcium concentration but does not inhibit a bradykinin- induced increase. 
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Fiu. 3. Effects of Epo on Intracellular monoamine concen- 
trations of PCI 2 cells. The control cells cultured without fyo 
contained DOPA. DOPAC, dopamine. HVA, and MDOPA with av- 
erages of 5.4, 2.2, S.3, 0.5, and 0.7 ng/mg protein, respectively. These 
values were defined as 100%. Triplicate cultures were done with and 
without Epo. The values are means ± S.D. 



those reported previously in rat source (45) and the presence 
of two components with similar sizes has been shown in 
erythroid cells from human and mouse (for review see Refs. 1 
and 46). No conclusive evidence for these proteins being 
derived from cloned Epo-R cDNA has been reported. The 
molecular weight of Epo-R predicted from cloned mouse (26) 
and rat cDNA (this paper) is about 53,000, and the size of 
Epo-R detected by immunoblotting (Ref. 47 and this paper) 
or by Hgand blotting technique (48, 49) is around 65 kDa; this 
size of Epo-R is much smaller than two proteins included in 
cross-linked products of erythroid cells. From these, it has 
been suspected that erythroid cross- linked products may con- 
sist of Epo, Epo-R, and an unidentified accessory protein. It 
has been reported recently, however, that erythroid cross- 
linked products before denaturation are precipitated by the 
antiserum against the cytoplasmic domain of mouse Epo-R, 
but, surprisingly, they are not precipitated upon denaturation 
(boiling of the cross- linked products for 5 min in Laemmli 
SDS-electrophoresis buffer) (50). The cross-linked products 
either before or after denaturation could be precipitated by 
the antiserum against Epo. These results have been inter- 
preted as a strong indication of the following. 1) Epo interacts 
with Epo-R. but the reagent used does not efficiently cross- 
link between Epo and Epo-R; 2) Epo is cross-linked with 
accessory protein(s) which is immunochemicalry unrelated to 
Epo-R, and 3) before denaturation of cross-linked products, 
Epo-R is retained in complexes through noncovalent inter- 
action with Epo or both Epo and an accessory protein, but 
Epo-R is dissociated from the complexes upon denaturation. 
By using the antiserum against the extracellular domain of 
mouse Epo-R, we performed similar experiments of erythroid 
cross-linked products, and the data obtained were consistent 
with those already reported (50). The 105-kDa cross-linked 
product of PC12 cells could not be precipitated either before 
or after denaturation, 1 although our antiserum reacted with 
the solubilized Epo-R of PC12 cells on the Western blotting 
filter (see Fig. 4). The PCl2-derived cross-linked product was 
precipitated by the antiserum against Epo, regardless of de- 
naturation of the product From these results of the PC12 
cells, we infer that most of the Epo-R associated with the 
PC 12 cross -linked product may have dissociated during solu- 
bilization of the cross-linked product so that the cross-linked 
product even before being subjected to the denaturation treat - 

' S. Masuda, M. Nagao. and R. Sasaki, unpublished data. 



ment can not be precipitated by the E^>o-R antiserum. This 
inference is supported by rapid dissociation of Epo -Epo-R 
complexes on PC 12 cells (see Fig. 2). Based on such infor- 
mation, our hypothesis is that the cloned Epo-R is a common 
molecule required for Epo binding, but the ligand affinity is 
modulated by multiple accessory proteins of which expression 
may be cell type-specific. Affinity of the Epo-R on endothelial 
cells is also very low (fQ <=* 2-8 nM), and the size of a major 
cross-linked product is around 79 kDa (4). Horaodimerization 
of the cloned Epo-R has been implicated in the signal trans- 
duction pathway of Epo (51), but this does not exclude the 
possible involvement of a heterosubunit in the pathway. For 
high affinity receptor sites of IL-2 (52), IL-3 (53), IL-5 (54), 
IL-6 (55), and GM-CSF (53), oligomerization of heterosubun- 
ita is required. 

Epo caused a rapid increase in calcium in PC12 cells. EDTA 
did not interfere with binding of Epo to the cells (Table II) 
but inhibited the Epo-induced increase of calcium, indicating 
that Epo stimulates mostly the calcium influx from outside 
of PC12 cells. The role of calcium in Epo-signal transduction 
of erythroid cells has been controversial (56-60). Several 
studies have indicated significant alterations in intracellular 
free calcium concentration or calcium influx in response to 
Epo (56-59). Experiments with purified Epo-responsive 
mouse erythroid cells that probably express Epo-R at the 
highest number, however, showed that the Epo action was 
not accompanied by an acute alteration in intracellular cal- 
cium concentration (60). It has been pointed out that the 
conflicting data may result from different maturation stages 
of the cells used (60). The data may also be dependent on 
whether or not the cells have been exposed in vivo to a high 
Epo concentration before the cells were prepared from ani- 
mals. Further studies are necessary to find a definitive role of 
calcium in Epo-signal transduction. 
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Mlonl R. Gottardello F. Bordon P. Monttnl G, Poresta C. Evidence for specific binding and stimulatory 
effects of recombinant human erythropoietin on isolated adult rat Leydig cells. Acta Endocrinol 
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The presence of specific binding of recombinant human erythropoietin and its effect on testosterone 
production were evaluated In Isolated Intact adult rat Leydig ceSs. Maximal specific binding was 
observed after 135 min incubanon at 34*G Scatchard analysis ci the bmdmg dam reveaW 
classes of binding sites for [' JS I}-recombinani human erythropoietin with dssodauoncwistml : of (Ml) 
1 9 x 10- 10 mol/l and (Kd2) 1.37 x lO-'mol/lresr^ctivery and binding capacity of (Bmaxl) 12.3 tool/ 
10* ceOs and (Bmax2) 42.8 fmol/10* cells, respectively. GnRR hCG, IGF-I and EGF did not indoceany 
modification of recombinant human erytiiropoietiri^peclflc binding. Recombinant human erythropoie- 
tin added to isolated adult rat Leydig cells exerted a stimulatory effect on testosterone production 
reaching its maximal effect at the dose of 10" 10 mol/l (testosterone production from 14.9 ±1.7 to 
45.1 ±6.2 pmol/10 1 cefls/3 h). Addition of anti-reoombinant human erythropoietin serum completely 
blocked the recombinant human erythropoictin-stimulated testosterone production. These results 
show that purified adult rat Leydig cells possess recombinant human erythropoietin specific binding, 
and suggest that this glycoprotein directly influences rat Leydig steroidogenesis. 
Carlo Poresta, Institute of Medical SemetoUcs, Third Chair of Medical Pathology, VniversUy of Padua. Via 
Ospedale Gvile 105. 3522* Padova, Italy 



Growth factors, a family of polypeptides with molecular 
weights of about 40 kD or less, are intimately Involved in 
the regulation of growth, differentiation and develop- 
ment of mammalian cells. Most of these peptides exert 
their effects, by paracrine or endocrine mechanisms, 
activating specific cell surface receptors (1-5). Recent 
evidence suggests that several growth factors are 
Involved In the regulation of testicular functions. In 
particular, It has been observed that e.g., epidermal 
growth factors (EGF), insulin-like growth factor-I (IGF-I). 
transforming growth factor-/* (TGF-/0. fibroblast growth 
factor (FGF) and insulin were able to influence Leydig 
steroidogenesis through the binding to specific plasma 
membrane receptors (6-10). Erythropoietin (EPO). a 34 
kD glycoprotein hormone, principally secreted by the 
kidney. Is an essential growth factor for normal erythro- 
poiesis (1 1-1 5). It regulates the proliferation and termi- 
nal differentiation of pro-erythroblasts and their imme- 
diate precursors, the colony-forming unit erythroid cells 
(CFU-e), acting on specific receptors (15-17). Recently, 
it has been observed that the receptors of erythropoietin. 
EGF, IGF-I and interleukins 2.3.4 and 6 are homologous 
m their structural features. In accordance with the 
existence of a superfamily of growth factors (18. 19). To 
date, there are no clear physiological explanations for 
this receptcr-stnicture homology, unless these factors 
may influence cellular functions activating a common 
signal transduction pathway. The aim of this study was 



to investigate whether erythropoietin, as well as other 
growth factors (6-10), influences steroidogenesis In 
isolated adult rat Leydig cells and If this effect is mediated 
by specific receptors. 



Materials and methods 
Materials 

Medium-199 with Hanks' salts with L-glutamine. peni- 
cillin and streptomycin were obtained from the Grand 
bland Biological Co (Grand Island, NY); collagenase 
(type II). BSA (fraction V). HBPRS, soybean trypsin 
Inhibitor (type Is). TRIS (hydroxymethyl)-amino- 
methan. and GnRH (Gly-6) were from Sigma (St Louis, 
MO); Percoll was from Pharmacia Fine Chemicals AB 
(Uppsala. Sweden); highly purified hCG (48600 UL/g) 
was from Serono (Rome, Italy): EGF (0.1 g/1) was from 
BioMacor (Re ho vol, Israel); human recombinant IGF-I 
(0. 1 g/1) was from Calblochem {San Diego, CA). rHuEPO 
(10* U/l) was from Olag GrnBH (Abbach-Hahnleln. 
Germany); human erythropoietin was produced by 
recombinant DNA technology and obtained by Inocula- 
tion of isolated gene in mammalian cell cultures. The 
specific erythropoietin activity was approximately 
110,000 U per mg of glycoprotein and determined by 
both in vitro and in vivo 59 Fe-uptake methods (20). High 
specific activity [ ,2S I]4abeled erythropoietin was 
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obtained from Amersham, UK (specific activity 3000- 
4000 Ci/mmol; 111-148 TBq/mmol). Rabbit anti- 
iHufiPO serum, which neutralized about 1.5 U of 
rHuEPO at a dilution of 1 : 200. was generously provided 
by Dr V Ferrari (Department of Pediatrics. University of 
Padua. Padua. Italy). 



Isolation and purification of ley dig cells 

Adult male rats of the Sprague-Dawiey strain (280-320 
g) were used. Testicular interstitial cells were prepared 
through decapsulation and collagenase digestion. 
Briefly. 12-14 decapsulated testes were placed in sterile 
polyethylene vials (50 cm 3 ) containing medlum-199 (3 
mJ/testis) with Hanks' salts and L-glutamine, 0.2% BSA 
(fraction V). 1 g/1 collagenase (type H). and shaken (90 
cycles/min). in controlled atmosphere (pOj 95%-pC0 2 
5%) at 34°C. After 15-20 mln. 15 ml of medium-199 
was added to each vial and the suspension was filtered 
through sterile nylon gauze (mesh 0.5-0.8 mm) into a 
sterile 50 on 5 centrifuge tube. Erythrocytes (about 75- 
85%) were removed by the addition of a Percoil cushion 
(5 ml of 60% v/v. in the bottom of each vial), followed by 
centrifugation for 10 mln at 800 x g at 22°G Cells, at the 
medium- 1 99/PercoIl 60% interface, were then carefully 
aspirated, rinsed twice In 5 ml of medium-199. After 
centrifugation at 100 xg for 10 min at 22°C, cells were 
resuspended in medium-199 to give approximately 
40x 10*cells/l. Purttleation of Leydig cells was obtained 
by layering 5 ml of crude Interstitial ceil suspension (20- 
25x10* cells/1) on top of each vial, containing a 
previously prepared discontinuous Percoil density gra- 
dient (20-60%). and then centrlfuged at 800 x g for 20 
mln at room temperature. Hie fractions were collected 
from the bottom of the tubes with a peristaltic pump 
(minipuIs-3 Gilson. Villi ers. France), and then riused 
twice In isotonic medium-199 to remove any residual 
Percoil. Purified Leydig cells (85-92% staining positively 
for 3-^n-sterold-dehydrogenase activity (21)) were 
resuspended in medium-199. Cell concentration (about 
1.0-1.2x10* Leydig ceDs/testls) and viability (over. 
90%) were determined using a hemocytometer and 
trypan blue method, respectively. 



Measurement of radioiodinated erythropoietin 
binding to intact rat leydig cell 

Binding assays were performed with [ ,25 fl-rHuEP0 in 
purified adult rat Leydig cell suspensions. Aliquots (0.2 5 
ml) of Leydig cell suspension (1.0 x 10* cclls/l) were 
Incubated with 2.0 nmol/l [ 125 l)-rHuEPO, with or with- 
out unlabeled rHuETO. for various periods of time from 0 
to 180 nun and at different temperatures (4°C. 34°C). 
Both cells and rHuEPO were in binding buffer consisting 
of medium-199 with 25 ramol/1 HBPBS (pH 7.4) and 1% 
BSA (fraction V). For equilibrium studies, aliquots of 
purified Intact adult Leydig cells (final concentration 



1.0 x 10* cells/1) were incubated, at 34°C for 3 h. in 
sterile multi-well tissue culture dishes, with medium- 
199 added to a final volume of 0.25 ml. Each well 
containing an increasing concentration of [ 125 1}- 
rHuBPO (2.7 pmol/1 to 3.8 nmol/l giving 28.000- 
1.800.000 cpm). Non-specific binding was measured in 
the presence of a 1000-fold molar excess of unlabeled 
rHuEPO. After incubation, cell suspensions were trans- 
ferred to microcentrifuge tubes and washed twice with 2 
ml of ice-cold Dulbecco's phosphate buffered saline with 
1% BSA (PBS-1% BSA pH 8.0). After centrifugation at 
800 x g for 5 nun at 4°C, radioactivity was measured, 
both in the supernatant and in the pellet In a gamma- 
spectrometer for 120 sec With the same experimental 
conditions, we determined the intracellular radioactivity 
in the cells both in binding and equilibrium studies: after 
Incubation with [ 125 I]-rHuEPO In the presence and 
absence of 1000-fold molar excess of unlabeled rHuEPO. 
each aliquot was rinsed twice in PBS-1% BSA (pH 7.4). 
Then. 2 ml of 50 mmol/I glyctoe-bufiered saline (pH 3) 
were added for 2 min into all the tubes on ice to remove 
surface-bound rHuEPO. After washing twice in PBS-1% 
BSA, the cells were resuspended with 0.5 ml of medium- 
199 and centrlfuged at lOOxg for 15 mln at 4°. 
Radioactivity was measured both In the supernatant and 
In the pellet, previously dissolved In 0.5 mmol/1 NaOH. 
The bound radioactivity In microcentrifuge tube without 
cells was less than 0.3% of the total counts, added. 
Displacement studies were performed with rHuEPO and 
unrelated peptides (hCG, GnRH, RGF. IGF-I) at doses 
ranging from 10" 10 mol/1 to 10~ 7 mol/1. 



Effects of rHuEPO on testosterone production 

Aliquots (0.5 ml) of purified Leydig cell suspensions, 
prepared as described above (1.0 x 10 9 ceils/1), were 
incubated in medlum-199 with Hanks' salts, L-gluta- 
mine. TRIS. 0.1% BSA (fraction V). penicillin (10* U/0. 
streptomycin (1 g/1). at pH 7.4. in polyethylene sterile 
tubes containing rHuEPO, dissolved in medlum-199, at 
doses ranging from 10"" to 10" 9 mol/1. in a shaking- 
rack (90 cycles/min) at 34°C for 3 h. In a controlled 
atmosphere (p0 2 95%-pC0 2 5%). To a different set of 
tubes, under the same experimental conditions, anti- 
rHuEPO serum was added. Furthermore, the effects of 
hCG on rHuEPO-stimulated testosterone production 
were evaluated. Incubating two doses of hCG, 10 3 ng/I 
and 10* ng/1 respectively, in different aliquots of Leydig 
cell suspension containing rHuEPO at the doses ranging 
from 2 • 10- 12 to 10" 10 mol/1. at the time and conditions 
reported above. After Incubation, all the tubes were 
Immersed in an ice-water bath (0°C) and then centrl- 
fuged at 1 500 x g for 1 5 min at 4°C. Each supernatant 
was immediately stored at -20°C until hormone assay. 
Cell viability (over 90%) in the resuspended pellets from 
each tube was determined by the trypan blue method. 
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Fto. I . The binding of [ us I]-rHuBPO to Intact adult rat Leydig cells was performed as a function of different times and temperatures (■ 34°C Q 
4*Q. The intracellular radioactivity wa» measured (a 34*C. a 4°Q after rtnsliig tha cells In 50 mmol/1 glyctac-sallne bufered (pH 3) and 
dissolving to 0.5 mraol/1 ofNaOH. The results represent the specific binding (breach time Interval and correspond to the mean of three olnerent 
leind - 



Hormone measurements 

Testosterone production of leydig cell incubations was 
measured by the RIA method as previously described 
(22). The sensitivity was estimated as 3.6 &nol/l and 
Intra- and interassay coefficients of variation were 7.8% 
and 7.0% respectively. 

Statistical analysis 

For the analysis of binding and equilibrium data, each 
point was considered as the mean of three Independent 
experiments, each done in duplicate. Scatchard analysis 
and displacement studies were performed using the 
EBDA and Iigand computer programs (23-24). For 
hormone production, results of three independent exper- 
iments were considered and expressed as meaniSEM 
and analysed by Student's t-test for unpaired data. 

Results 
Binding study 

The specific binding of [ l2$ I]-rHuEP0 was considered as 
the difference between total counts In the pellet and the 
amount trapped in the pellet in the presence of a 1000- 
fold excess of unlabeled rHuEPO. Fig. 1 shows that ( 12S IJ- 
rHuEPO specifically binds, in a time- and temperature- 
dependent manner, to Intact adult rat Leydig cells. 
Maximal specific binding was reached after 135 mm of 
incubation at 34°C. maintaining a steady state up to 1 80 
rain. At 4°C maximal specific binding was observed after 
165 mln and reached only 20% ofthat obtained at 3 4°C. 



Furthermore, the intracellular radioactivity, in the Ley- 
dig cells, was calculated at both 34° and 4°C After 
glycine treatment the extracellular radioactivity was 
completely removed and no activity was found in the 
supernatant of resuspended cells (data not shown). 

The saturation curves of [ U5 I)-rHuEPO binding to rat 
Leydig cells and of Its Intracellular measurement are 
shown in Fig. 2. The Incubation of Leydig cell suspen- 
sions with increasing concentration of [ U5 n-rHuEP0 
demonstrated the existence of a saturable binding. 
Furthermore, Scatchard analysis of these binding data 
revealed the existence of two classes of binding sites: (a) 
one with high affinity (Kdl«1.9 x 10" 10 molA) and 
binding capacity (Bmaxl) of 12.3 fmol/10 6 cells; (b) the 
other with low affinity (Kd2=1.37x 10"* mol/i) and 
binding capacity (Bmax2) of 42.8 fmol/10 6 cells respect- 
ively (Fig. 3). Displacement study of [ u5 I]-rHuEPO. 
obtained with incubation of unrelated peptides (hCG, 
GnRH, BGF and 1GF-I). did not evidence any effect on the 
specific rHuEPO binding to intact rat Leydig cells (Fig. 4). 



Hormonal production 

rHuEPO Influenced testicular steroidogenesis, inducing 
a stimulatory effect on testosterone production In Iso- 
lated adult rat Leydig cells. Fig. 5 shows the effect of 
Increasing doses of rHuEPO on Leydig cell steroidogene- 
sis. This glycoprotein begins to stimulate testosterone 
production at the dose of 10" 11 mol/1 and produces Its 
maximal effect at 10' 10 mol/l maintaining a steady 
state up to 10"' mol/L When rHuEPO was Incubated 




462 RMionietaL 



ACTA ENDOCRDfDLOOICA W92. 127 



O 
09 




10 U u P""'/ 1 

Total EPO 

Intact ratt^dlg crib were Incubated with tacraaatag concentration of ["Mj-fHuBPO (•). The IntraceUokr radioactivity was also 
oetermtaed {a). That, com arc obtained with the mean of three different experiment, done la dupDca^c^eX^S to each 
concentration was determined by the addition of 1 000-fold exceu of unlabeled Iwnnone, "wwpecinc mooing w eacn 



£0 0.2 




Bound EPO fmol^ 10 e cells 
Ffc. 3. Scatefaard^ai^ ofU« specific binding of [» »I>rfiuEPO to purified adult re t Leydlg cells Is showo. Two specific binding sites are observed- 
b^dltiSll^ ^f 30U ll 0 ?n? lCS/0dl Ka2 " 137 X 10 ~' wtm about 0400 sto/ca^^^So^ed^ 
oTSSS^^'^ d °™ tnd "* ac *^ amounts of radloiodtnatcd rHuEPO ware added to the cells ^or wtSaT C 



with its neutralizing antiserum, rHuEPO-stimulated 
testosterone production was completely blocked. The 
stimulatory effect of the different doses of rHuEPO on 
I^ydig cell steroidogenesis was significantly enhanced 
when hCG was added in the medium at low (10 3 ng/1) 
and higher (10* ng/1) concentraUons (Fig. 6). 



Discussion 

Our data show that rHuEPO specifically binds to Intact 
rat Leydig cells and exerts a stimulatory effect on 
testosterone production. The amount of this binding is 
influenced by the temperature, reaching the highest 
values at 34°C. as well as for hCG and other hormones 
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Fto. 4. Displacement study was performed In Leydlg cdls, Incubating at 34*C for 3 h [ l2S IJ-rHuKPO. at the dose of 1 X> nmol/l. « 
concentrations of unlabeled rHuEPO (•). GoRH (a), hCG (a). IGP-I (□) and BGF C) respective^. Bach point represent* *e 
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Fig. 5. The effects of rHuBPO on testosterone 
were Incubated at 34*C for 3 h. In the same 
dilution see Materials and Methods), the 
were: *p<0.05 versus control; **p<0.01 
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rHuEPO log[mol/fl 
tn purified adult rat LeydJg cdls Is summarized. Increasing concentrations of rHuEPO 

a coaditiona through the addition of antt-rHuEPO serum (Ab-rHuEPO dashed line; for 

effect of rHuEPO on testosterone production was completely Mocked. Statistical differences 



(25. 27). At high temperature, rHuEPO may be Interna- 
lized, resulting tn an overestimattorj of cell surface 
binding; however, the low measurement of the interna* 
lized [ 12$ I]-rHuEPO (rate of internalization < to 0.05 
fmol/10 6 cells/nun at 34°C) excludes this possibility. 

The Scatchard analysis of [ l2S I]-rHuEP0 binding to 
Intact rat Leydig cells revealed two classes of binding 



sites, with respectively: (a) high affinity (Kdl-190 
pmol/1) and binding capacity of 12.3 finol/10 6 cells and 
(b) low affinity (Kd2 = 13.7 nmd/1) and binding capacity 
of 42.8 fmol/10 6 cells. These binding data can be 
compared with those obtained by several authors in 
other cellular systems (28-3 1 ). In particular. It has been 
observed that erythropoietin exerts its effects on spleen 
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Pig. 6. The efiects of M-199 (■) and hCC. at doses oflOHig/I (O) and 
10 4 ng/I (a) respectively, on testosterone production stimulated by 
Increasing doses of rHuEPO in isolated Leydig cells. M-199 and hCG 
were added to each tube at tero time. Statistical differences wens 
considered between each dose of hCG with rHuEPO and control. 
•p<0.05. 



tory effect on testosterone production, suggesting that 
this hormone Influences rat Leydig cell steroidogenesis 
without interfering with hCG -activated receptor systems 
and Involving different post-receptor mechanisms. A 
direct stimulatory effect of testosterone on colony form- 
ing units--erythrold cells has been demonstrated and 
several clinical studies have shown that androgens have 
been commonly used In the treatment of various 
hemopoietic disorders (43, 44). Our results suggest that 
erythropoietin may influence hemopoiesis, also involv- 
ing the most important endogenous source of androgen 
production In the male, the testis. This hypothesis Is 
further supported by recent data showing that in male 
patients undergoing chronic hemodialysis the treatment 
with recombinant human erythropoietin Improved sex- 
ual function and Increased basal plasma testosterone 
levels (45,46). These observations have Justified empha- 
sizing the normalization of the high plasma PRL levels or 
with the Improvement of anemia (47. 48). However, In 
view of our data, a direct rHuBPO effect on testicular 
functions cannot be ruled out 

In conclusion, our study shows that rHuBPO 
influences rat Leydig steroidogenesis by stimulating 
testosterone production through a direct specific recep- 
tor mechanism and suggests a possible linkage between 
the erythropoietic system and testicular function. 



and liver erythrold progenitor cells, through the acti- 
vation of specific binding of comparable affinities 
(Kd<nmol range) to those observed in our study, 
suggesting an Involvement of similar receptors (32-34). 
Recent observations have shown that some growth 
factors, rHuEPO included, possess a common binding 
domain (18, 19. 35): therefore, a cross-Unking reaction 
of rHuEPO with these receptors may exist (36-39). 
However, our displacement study with several unrelated 
peptides, such as hCG. GnRH. EGF and IGF- 1, suggests 
the specificity of rHuEPO binding to rat Leydig cells. In 
accordance with this observation, rHuEPO did not 
induce any stimulatory effect on rat Leydig cells, in the 
presence of rHuEPO-antiserum. Our present data show 
that rHuBPO was able to stimulate rat Leydig cell 
testosterone production. The stimulatory activity of this 
glycoprotein is dose-related up to 10" 11 mol/1. reaching 
a steady state at higher doses. The most effective rHuEPO 
concentrations were comparable to those observed in rat 
plasma levels during pharmacokinetic studies of a single 
tv bolus of 30-60 U/kg of rHuEPO (40. 41 ). The maximal 
stimulatory effect, observed at low doses (under 10" 11 
mol/1). may be due to the activation of a partial fraction 
of the total* specific receptor sites. In fact, In adult rat 
Leydig cells, this phenomenon is well known with other 
physiologic agonists, as well as LH or hCG, that are able 
to reach the maximal stimulatory effect binding only 1% 
of their specific receptors (21, 42). 
In the presence of hCG, rHuEPO still exerts a stimula- 
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Erythropoietin Stimulates 
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Abstract 

Most anemic patients with chronic renal failure have gastric mucosal lesions. 
However, these gastric lesions are often improved after the administration of 
recombinant human erythropoietin (rHuEPO). We have used the rat gastric 
mucosal cell line RGM-i, to examine the possibility that rHuEPO might 
directly stimulate the growth of gastric mucosal ceils in vitro. Our results show 
that rHuEPO dose-dependentiy increased [ 3 H]thymidine incorporation into 
RGM-l cells and their expression of c-myc gene. In addition,. * 25 I-rHuEPO 
specifically bound to RGM-1 cells, and moreover, erythropoietin receptor 
gene expression was detected by RT-PCR. We conclude that rHuEPO has a 
direct growth-promoting effect on RGM-1 cells, suggesting possible usefulness 
of rHuEPO administration for the treatment of gastric mucosal damage in 
patients with chronic renal failure. 



Introduction 

Erythropoietin is the major regulatory factor of eryth- 
ropoiesis, and it is well known that erythropoietin produc- 
tion in the cortical peritubular cells of the kidney is 
impaired in patients with chronic renal failure with result- 
ing anemia [1]. Recently, recombinant human erythropoi- 
etin (rHuEPO) has been widely used for the treatment of 
anemia in these patients. On the other hand, many 
patients with chronic renal failure have also been reported 
to have erosive lesions of the gastric mucosa which may 
cause gastrointestinal bleeding [2]. Interestingly, a re- 
markable improvement in these lesions by the adminis- 
tration of rHuEPO has recently been reported [3, 4). 
Recovery from anemia may restore the oxygen supply to 
the gastric mucosa, and help to heal the gastric mucosal 
lesions. However, it is not known whether erythropoietin 
has a direct stimulatory effect on the healing of gastric 
mucosal lesions. Therefore, the present study is designed 



to test the hypothesis that erythropoietin has a direct 
growth-promoting effect on the gastric mucosal epithelial 
cells. For this purpose, we have used the recently estab- 
lished normal rat gastric mucosal cell line RGM-1 (5) as a 
model of gastric epithelial cells. 

Materials and Methods 

Ceils and Celt Culture 

The rat gastric mucosal cell line RGM-1 |5| was grown in 
D MEM/Ham F-12 containing 100 U/ml penicillin, 100 ng/ral strep- 
tomycin and 20% fetal calf serum (FCS) and subcultured every 3 
days. The erythroid cell line TSA8 (a gift from Prof. Sasaki, Depart- 
ment of Food Science and Technology. Kyoto University, Kyoto, 
Japan)t6], was cultured in RPMI 1640 containing 100 U/ral penicil- 
lin, 100 pg/ml streptomycin and 10% FCS. 

Binding Studtes 

,;, I-rHuEPO ceU-binding experiments were done according to 
the method of Masuda ei al. |6), with minor modifications. The 
rHuEPO was a gift from Chugai Pharmaceutical Co. ltd. {Tokyo, 
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Japan). In brief, dispersed RGM- 1 or TSA8 cell* (5 x lOVtube) were 
incubated in 200 ul phosphate-buttered saline (PBS) containing 
20 mM HEPES (pH7A\ 0.1% FCS, and 0.1% NaN, with 
rHuEPO (111-148 TBQ/mmol; Amersham, UK) in the presence or 
absence of unlabeled rHuEPO (50 U/tube) at 15*C. After 3 h, the 
cells were washed once with ice-cold PBS and resuspended to 200 t*J 
of PBS. The suspension was immediately layered onto 800 pi of 
cushion buffer (PBS containing 10% FCS), and the cells were sepa- 
rated from the unbound iigand by centrifugation. The tube contents 
were snap-frozen in solid Ctyethanol, and the tip of the tube was cut 
off just above the cell pellet, and the radioactivity bound to the cells 
was counted. Nonspecific binding was assessed as the fraction of 
label that remained bound in the presence of an excess amount of 
unlabeled rHuEPO (50 U/tube). All calculations were performed 
using a SAS statistical analyzing system (SAS Institute Inc. Tokyo, 
Japan). 

Measurement of DNA Synthesis 

The mitogenic effect of rHuEPO was determined by measuring 
(he incorporation of ( 3 H]thymidine (Amersham) into the DNA of 
RGM- 1 cells as previously described (7]. Subconfluem RGM-1 cells' 
were rendered quiescent by serum deprivation for 6 h. The quiescent 
cells were exposed to various concentrations (0-8 U/ml) of rHuEPO 
in DMEM for 24 h. pHjthymidine (8 uCiAube) was then added and 
the ceils were incubated for a further 4 h. The incubation was termi- 
nated by removing the medium and, after washing the cells 3 times in 
ice-cold PBS, 6%. trichloroacetic acid (TCA) was added. TCA-precip- 
itabte pH]thymidine, which had been incorporated into the DNA, 
was measured using a liquid scintillation counter. 

northern Blot Analysis 

Northern Wot analysis was used to investigate the expression of 
c-myc or erythropoietin-receptor (EPO-R) raRNA in RGM- 1 cells. 
The total RNAs were obtained from RGM- 1 cells by extraction with 
guanidine thiocyanate (GTC), followed by cesium chloride centrifu- 
gation as described previously [8]. The total RNAs were separated by 
electrophoresis on 0.66 M formaldehyde- 1% agarose gel containing 
0.4 At 3-(n-monopolyho)propane sulfate, 0.1 M sodium acetate and 
0.02 M ethylenediajninetetraacetic acid (EDTA). The nucleic acid 
was transferred to nitrocellulose membranes (Schleicher & Schiffl, 
Oassel, Germany) and fixed using ultraviolet (UV) cross-linking. The 
mouse EPO-R cDNA probe, used for the Northern blot analysis, was 
obtained by RT-PCR using the synthetic oligonucleotide primers; 5'- 
CAGTGAGCATGCCCAGG-3' and 5-GGGTCCAGGATGGTG- 
TA-3' to amplify the total mRNA extracted from fetal mouse liver. 
The primers were designed to amplify a section of the EPO-R cDNA 
within its open reading frame (nucleotides 1 122-1334) (9). The 213- 
hp PCR product was cloned into a pCR-U plasm id vector using a TA 
cloning kit (Invitrogen, San Diego, Calif. USA). The plasmid was 
digested with EcoRI, and the ^-radiolabeled DNA probe was syn- 
thesized using a random prime labeling kit (Boehringer-Mannheim. 
Germany). The nucleotide sequence of the probe was found to be 
•dent ical to that reported for the EPO-R cDNA ( 1 0] using a Sequence 
version 2.0, DNA sequencing kit (United States Biochemical, C!ev> 
•and, Ohio, USA). The human c-myc DNA probe (467 bp) was pur- 
chased from Takara Shuzou. Japan. Hybridization was carried out at 
4 2*Cfor 16 h and filters were washed twjee for 20 mineach at 5 J'C 
"> 0. t x SSO0.1 % sodium dodccyl sulfate (SDS) as described pre- 
v »ou*ly (1 ij. The signal intensity was quantified with a bioimagmg 
analyzer model BAS2000 tFujix. Tokyo, Japan) (12J. 



RT-PC* 

Five micrograms of total RNA extracted from the rat fetal liver 
and the RGM- 1 cells were used to synthesize a first-strand cDNA by 
a superscript amplification system (Bethesda Research Laboratories 
Inc., M<t, USA). The first-strand cDNA was then amplified by the 
PCR method with a set of primers synthesized according to the 
sequence of rat EPO-R. The primers used were 5 -CAGT- 
GAGCGGGCCCAGG-3' and 5 -GGGTCCAGGATGGTGTA-3' 
with resulting amplification of 2 1 3 bp DNA fragment. 

Statistical Analysis 

Statistical analysis was carried out using the analysis of variance 
followed by Dunnett's t test All the values are expressed as the mean 
t SEM. Differences between groups were considered statistically 
significant for p values of <0.05. 



Results 

Binding Studies 

Although total binding of ,25 I-rHuEPO to the RGM- 1 
cells was small and its nonspecific binding was relatively 
high, it was clear that a small amount of 1 25 I-rHu EPO spe- 
cifically bound to the RGM- 1 cells (fig. I). This binding 
datum was in a sharp contrast to the large specific binding 
of '^I-rHuEPO to the TSA8 erythroid cells, which possess 
a targe amount of EPO-R [6]. Thus, RGM-1 cells appear 
to possess a small number of specific binding sites for 
erythropoietin. 

Effect of rHuEPO on DNA Synthesis 

In quiescent RGM-1 cells, the basal level of [^thy- 
midine incorporation into DNA was 1 1,587 ± 562 cpm/ 
\Q* cells. The addition of rHuEPO (1-8 U/ml) caused a 
dose-dependent and significant increase of pHjthymidine 
incorporation into RGM-1 cells, the effect was maximal 
at 8 U/ml erythropoietin (p < 0.05) (fig. 2). Further in- 
crease of pHjthymidine incorporation was not observed 
even at higher concentrations. Similar to rHuEPO, the 
addition of FCS (final concentration 20%), a positive con- 
trol, also increased pHjthymidine incorporation into 
RGM-1 cells (2 1,242 ± 532 cpm/ 10 s cells). 

Effect of rHuEPO on c-myc Gene Expression 
In immediate early response genes, c-myc gene expres- 
sion is reported not to be restricted to a brief period at the 
Go-G| transition but to be continuously expressed in pro- 
liferating cells in a cell-cycle-independent manner [13]. 
Therefore, as a marker of cell proliferation, c-myc gene 
expression was checked. Northern blot analysis demon- 
strated that c-myc gene expression in RGM-1 cells was 
greatly increased by rHuEPO administration in a dose- 
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Fig. 1. The binding of >- ,J r-rHuEPO to TSA8 and RCM-1 cell*. 
The radioactivity bound to the cells was counted after 3 h incubation 
at 1 5*C as described in the Materials and Methods section. Values 
are expressed as the mean ± SEM of quadruplicate assays. Nonspe- 
cific binding was assessed as the fraction of label that remained 
bound in the presence of an excess amount of unlabeled rHuEPO 
(50 U/tube). ■ p < 0.0 1 for nonspecific binding vs. total binding in 
TSA8 cells. ** p < 0.05 for nonspecific binding vs. total binding in 
RGM-) cells. 
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Fig. 2. The effect of rHuEPO on pHJthymidine incorporation 
into RGM-l cells. pHJtbymidine incorporation was measured as 
described in the Materials and Methods section. Values are ex- 
pressed as the mean ± SEM of 6 separate experiments. • p < 0.05 for 
rHuEPO»mediated incorporation vs. the basal level. 




Ftg. 3. The effect of rHuEPO on c-myc gene expression in ROM- 1 cells. A Quiescent RGM- 1 celts were treated 
with various concentrations (0-8 U/ml) of rHuEPO or FCS (final concentrations 20%) for I h. B Quiescent RGM-l 
ceBs were treated with g Uml rHuEPO for the periods indicated. Total cellular RNA (20 jtg/lane) was isolated and 
hybridized wuh the "P-labded c-myc cDNA probe. The signal intensity of the c-myc gene expression was quantified 
usmga bwimaging analyzer model 8AS2000(Pujix,Tolryo, Japan). Values are expressed as the percentage of radioac- 
tivity m unstimulated condition. In FCS-stimulated RGM-l cells, tenfold increase of c-myc gene expression was 
observed (data not shown). 
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Fig. 4. Northern blot analyses of EPO-R mRNA. Total RNA 
(20 W/Une) from RGM-l and mouse liver cells was isolated, and 
hybridized with the "P-labeled mouse EPO-R cDNA probe. Tbe 
arrow indicates the signal for EPO-R mRNA. 

W*. 8. RT-PCR detection of EPO-R mRNA. 213 bp EPO-R 
cDNA was amplified not only in fetal rat liver but also in RGM-l 
cells. 



dependent fashion (l-8U/ml) (fig. 3A). As early as 
15 rain after the addition of 8 U/ml rHuEPO, there was a 
rapid increase in c-myc gene expression, and this increase 
was maximal after 30 min (fig. 3B). In contrast, erythro-. 
poietin did not stimulate c-myc gene expression of rat 
fibroblastic cells which lack EPO-R (data not shown). 

EPO-R mRNA Expression in RGM- 1 Cells 
Although mouse fetal liver expressed considerable 
amounts of EPO-R mRNA, we failed to detect any tran- 
scripts of this gene in RGM-l cells by the Northern blot 
analysis (fig, 4). The more sensitive RT-PCR method, 
however, clearly demonstrated the presence of EPO-R 
mRNA in RGM-l rat gastric epithelial cells (fig. 5). These 
results indicated that the RGM-l cells have weak but 
detectable gene expression of EPO-R. 



Discussion 

Erythropoietin has been believed to act only on the 
Progenitor cells of erythrocytes, and to regulate their pro- 
liferation and differentiation through the interaction with 
Jls receptor [ I J. Recently, it has also been shown to stimu- 
late the proliferation of nonerythroid cells [7, 14). Eryth- 



ropoietin has a chemotactic and mitogenic effect on endo- 
thelial cells [15], and it increases both the immunoglobu- 
lin production by B lymphocytes and their proliferation 
[ 1 6]. Although the physiological significance of these find- 
ings is not known, evidence for the action of erythropoie- 
tin on nonerythroid cells may provide us with an opportu- 
nity to find a novel physiological role for this protein. 

Our results demonstrate for the first time that rHuEPO 
has direct growth-promoting activity on rat gastric muco- 
sal cell line RGM-l . rHuEPO dose-dependently increased 
DNA synthesis and c-myc gene expression in RGM-l 
cells. We also found that, in addition to mouse TSA8 ery- 
throid cells, l2) I-rHuEPO specifically bound to RGM-l 
cells. These data suggest that rHuEPO exerts its effect on 
RGM-l cells through its specific binding sites. 

It is well known that patients with chronic renal failure 
often develop gastric mucosal lesions [2]. There are sever- 
al reasons why gastric mucosal lesions may develop in 
patients with chronic renal failure. It has been shown that 
the permeability of the gastric mucosa to H* ions is 
increased in uremic rats [1 7). Moreover, gastric mucosal 
blood flow as well as mucosal hexosamtne content appear 
to be decreased in rats with renal failure [18). rHuEPO 
has recently become available for the treatment of anemia 
in patients with chronic renal failure. Interestingly, it has 
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been shown that gastric mucosa! lesions in those patients 
were greately improved after administration of rHuEPO 
[3 f 4). Ii migh! be considered that rHuEPO acts indirectly 
to promote gastric mucosal healing by restoring the oxy- 
gen supply to this tissue in patients with chronic renal fail- 
ure. However, our data clearly show that rHuEPO has a 
growth-promoting effect on RGM-l cells. This lends sup- 
port to the idea that rHuEPO may act directly to enhance 
the growth of gastric mucosal cells in patients with 
chronic renal failure, resulting in repair of the gastric 
mucosal damage. 

In addition to the presence of specific binding sites for 
,25 I-rHuEPO and growth-promoting activity of rHuEPO, 
we detected weak but distinct gene expression of EPO-R 
mRNA in RGM-l cells. Therefore, rHuEPO may have 
exerted its growth-promoting effect on RGM-l cells 
through its receptor whose cDNA has recently been 
cloned {10]. An alternative explanation might be that 
rHuEPO cross-reacted with other cytokine receptors on 



the RGM-l cells. It is known that erythropoietin induce* 
tyrosine phosphorylation in the & chain of the granulo- 
cyte-macrophage colony-stimulating factor [19]. 

Although the growth-promoting activity of erythropoi- 
etin on gastric mucosal cells in vitro may not be physiolog- 
ically relevant because its plasma concentration in vWq is 
very low [20], the present study emphasizes the possible 
usefulness of erythropoietin administration for the treat- 
ment of gastric mucosal damage in patients with chronic 
renal failure. 
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Receptors for Erythropoietin in Mouse and Human Ery throid Cells and Placenta 

By Stephen T. Sawyer, Sanford B. Krantz, and Ken-ichi Sawada 



High and lower affinity receptors for erythropoietin (EP) 
were initially Identified on a very pure population of EP- 
responsive erythroblasts obtained from the spleens of mice 
Infected with anemia strain of Friend virus (FVA). The 
structure of the receptor for EP in these cells was deter- 
mined to be proteins of 100 and 85 Kd by cross-linking 
,W I-EP. In this investigation, studies on the receptors for EP 
were extended to other mouse erythrold cells and human 
erythroid cells as well as to the placentas of mice and rets. 
Only lower affinity receptors for EP were detected on 
erythroblasts purified from the spleens of mice infected 
with the polycythemia strain of Friend virus and a murine 
erythroleukemia cell line, both of which are not responsive 
to EP in culture. Internalization of 128 1-EP was observed in 
both groups of cells. The structure of the receptor deter- 
mined by cross-Unking WS I-EP was two equally labeled 
proteins of 100 Kd and 8B Kd molecular mass in all these 

SPECIFIC BINDING of erythropoietin (EP) was first 
observed in erythroblasts purified from spleens of mice 
infected with the anemia strain of Friend virus (FVA). * 
These immature FVA-infected erythroid cells (FVA ceils) 
respond to physiological levels of EP in culture by pro- 
gressing to near erythroid maturation.** l25 I-EP binds to 
higher and lower affinity receptors on the surface of these 
FVA cells and is subsequently internalized and degraded in 
the lysosomal compartment/In our initial investigation, 
I25 I-EP binding was also observed in murine erythroleukemia 
(MEL) cells, clone 745, but only to lower affinity receptors. 1 
In this study, we characterize the internalization of 1M I-EP in 
these MEL cells, which are not responsive to EP in culture, 
and the binding and internalization of ^I-EP in erythroid 
cells purified from the spleens of mice infected with the 
polycythemia strain of Friend virus (FVP cells), which 
spontaneously differentiate in vitro in the absence of exoge- 
nously added EP. The existence of receptors for EP in 
membranes prepared from placentas from mice and rats is 
also identified. 

When 125 I-EP bound to FVA cell membranes was cross- 
linked by disuccinimydl suberate (DSS) to the receptor, two 
labeled bands corresponding to proteins of molecular weights 
of 100 and 85 Kd were observed on sodium dodecyl sulfate 
polyacryiamide gel electrophoresis (SDS-PAGE). 3 No evi- 
dence of disulfide bridges between these two proteins was 
found. More recently other investigators have presented 
evidence that suggests the existence of additional lower 
molecular weight proteins in the receptor 7 * 10 and have sug- 
gested that the multiply labeled proteins may be subunits of a 
very large complex that is bridged by disulfide bonds. 8,10 We 
have examined this possibility by cross-linking l25 I-EP to the 
receptor in MEL cells, FVP cells, human erythroid colony- 
forming cells (CFU-E), and placentas from mice and rats. 
The data presented here show a remarkable similarity of the 
receptors for EP in human, mouse, and rat tissues and in EP 
responsive and nonresponsive erythroid cells. No evidence of 
additional subunits of the receptor or a larger complex of 
subunits was detected in any of these sources of receptor. 



mouse erythroid cells. The structure of the reeeptor was 
found to be very similar in human erythroid colony forming 
cells cultured from normal blood. These cells respond to EP 
with erythroid maturation and were previously shown to 
have high and lower affinity receptors. Placentas from mice 
and rats were found to have only lower affinity receptors 
for EP, and when placental membranes were cross-linked 
to 118 WEP. the same 100 Kd and 86 Kd bands were found as 
seen in mouse and human erythroid cells. The structure of 
the receptor was similar in cells that have high affinity 
receptors (FVA-infected and human erythroid colony- 
forming cells) and nonresponsive erythroid cells and pla- 
centa that have lower affinity receptors, but only the cells 
with the high affinity receptors respond to the addition of 
EP with erythroid maturation. 
91389 by Grune Stratton, Inc. 



MATERIALS AND METHODS 
Human recombinant EP was purchased from AmGen Biologicals 
(Thousand Oaks, CA). Na m I was obtained from Amcrsham. DSS 
and IODO-GEN (l,3,4,6Hetra-chloro-3a, 6a-diphenyigiycouril) 
were obtained from Pierce (Rockford, IL). Friend virus, pseudotype 
SFFVJFRE cl-3/MuLV (201) originally obtained from W.D. 
Hankins (National Institutes of Health [NIH]) and FVP obtained 
from R. Holdcnreid (NIH) were maintained by the passage of 
infectious plasma in BALB/c mice MEL cells, clone 745, were 
obtained from W. LeStourgeon, Vanderbilt University. 

Cells and plasma membrane preparation. Immature erythroid 
cells were puriBed from the spleens of CD 2 F X mice infected with 
FVA or FVP by velocity sedimentation at unit gravity through a 
continuous gradient of bovine serum albumin as described previous- 
ly. 43 To prepare plasma membranes from FVA- or FVP-infected 
erythroid cells, the total spleen was disrupted to a angle cell 
suspension and the erythrocytes were lysed by exposure to 150 
mmol/L NH 4 C1/15 mmol/L Tris HCi, P H 7.65, at 37*C for 30 
seconds. The NH 4 C1/Tris solution was diluted fourfold with Iscove's 
modified Dulbecco's medium and the cells were pelleted by centrifu- 
gation at 500 g for 15 minutes. The pellet was resuspended in 
N^Cl/Tris and the procedure was repeated. The cells were then 
washed in 105 mmol/L NaCl and 10 mmol/L Tricine, pH 7.4, three 
times and resuspended in 10 mmol/L KC1 and 10 mmol/L Tricine, 



From the Division of Hematology. Department of Medicine 
Vanderbilt University School of Medicine and Veterans Adminis- 
tration Medical Center, Nashville. 

Submitted August 9, 1988; accepted March 3, 1989. 

Supported by grants from the National Institutes of Health, 
DK-39781. AM-15555. T32 DK47186 and VA Medical Research 
Funds. 

Address reprint requests to Stephen T. Sawyer, PhD, Division of 
Hematology, Room C-3101. Medical Center North, Vanderbilt 
University School of Medicine, Nashville, TN 37232. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
"advertisement" in accordance with 18 US. C section 1 734 solely to 
indicate this fact. 

c 1989 by Grune A Stratton, Inc. 

0006-4971/89/740!-O034$3.00/0 



B00008 



C00024646 



i 




104 

pH 7.4, containing a mixture of proteinase inhibitors (2 mmol/L 
EGTA, 5 mmol/L EDTA, 1 Mg leupeptin/mL, 5 mmol/L benzam- 
ide,l mmol/L iodoacetamide, 10 Mg/mL tosylamide-2-phenylethl- 
chloromethyl ketone, 10 Mg/mL p-tosyl-l-arginine methylester, i 
Mg/mL n-d-tosyM-Tysine chloromcthylketone, 2 Mg/mL aprotinin, 
1 Mg/mL pepstatin, and 0.1 mmol/L penylmethyl-sulfonylfluorine). 

Plasma membrane fractions of MEL cells, FVP cells, and FVA 
cells were prepared in identical fashion as described previously* 
except that the above described mixture of proteinase inhibitors was 
included at every step. Briefly, the cells were swollen in hypotonic 
medium, and disrupted with ten strokes of a teflon, motor-driven 
homogenizes The cell debris was discarded after low speed centrifu- 
gation, and a crude membrane pellet was obtained after one hour 
centrtfugation at 1 50,000 g. This pellet was resuspended in a solution 
containing a final concentration of 40% sucrose, which became the 
bottom of a discontinuous sucrose gradient composed of solutions of 
35%, 31%, 25%, and 8.5% sucrose. The light membrane fractions at 
the 35%/31% interface and 3 1%/25% interface were collected as the 
plasma membrane fraction. 

Placenta membranes were prepared in a similar fashion. Placen- 
tas from CD 2 F| mice were taken at days 14 and IS of gestation, and 
placentas from Spraguc Dawley rats were taken at 18 to 20 days of 
gestation. Placentas were washed in phosphate buffered saline 
containing the above mentioned cocktail of protease inhibitors and 
finely minced. The minced placenta was then homogenized, centri- 
fuged, and crude membranes were fractionated on discontinuous 
sucrose gradient exactly as described above for the erythroid cells. 

Human CFU-E were obtained as described previously." Briefly, 
erythroid burst forming units were partially purified from normal 
human blood. These cells were then cultured m the presence of EP to 
the stage where the cells were not producing a significant level of 
hemoglobin and were capable of forming colonies of eight to 49 cells 
when further cultured in the presence of EP. At this stage the cells 
were removed from culture and purified additionally by removing 
adherent cells and by Ficoll-Hypaque density centrifugation. Purity 
of the cells was >50% and receptors for EP have been found on the 
cell surface at about 1,000 receptors per cell. 13 

lodination of EP. EP was iodinated using IODO-GEN. 1 Two 
micrograms of IODO-GEN were coated on the walls of a conical 
reaction vial. EP (50 units, -.4 jig protein) and 20 pC\ l25 l were 
incubated in the reaction vial for five minutes at room temperature 
in a final volume of 50 /iL of 0.5 mol/L phosphate buffer, pH 7.0, 
containing 0.02% Tween 20. After the incubation, the contents of the 
reaction vial were transferred to a tube containing 10 mg KI in 
phosphate buffered saline, 0.1% bovine serum albumin, and 0.02% 
Tween 20; ,M I-EP was separated from the free IM I by chroma- 
tography over a Biogel P6 column. This procedure provided EP with 
0.3 to 1 .0 molecule of m l per molecule (25 to 75 pCi/jig) and with 
full biological activity when assayed in these FVA-infected erythroid 
cells. 4 

Binding ***I-EP. 125 I-EP was incubated with from 10 to 40 pg 
protein of the plasma membrane fraction from FVA cells, FVP cells, 
MEL cells, and placentas from mice and rats at 37°C for the time 
indicated in 100 mmol/L phosphate buffer, pH 7.4, containing 1 
mmol/L EGTA and 0.1% bovine serum albumin. The binding 
mixture was then applied to 0.2 nm Millipore filters (EHWP) and 
washed with 10 mL of phosphate buffered saline containing 0.1% 
bovine serum albumin. The filters were then counted in a gamma 
counter. Nonspecific binding was determined in the presence of 100 
to 200 units of EP/mL and was subtracted. 

FVA cells, FVP cells, and MEL celli were washed and resus- . 
pended in binding medium (Iscove's modified Dulbecco*s medium) 
supplemented to contain 20 mmol/L HEPES, pH 7.4, and 2% 
bovine serum albumin. The cells were allowed to stand for one hour 
at 37°C in a 5% CO a atmosphere before the initiation of binding 
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studies. For binding at 37°C labeled EP was added to the cells in the 
binding medium at varying concentrations fox different times in the 
incubator. The concentration of ceils was 10 T cells/ mL or less. 
Binding was terminated by sedimenting the cells through dibutyl 
phthalate oil (0.5 mL) for one minute in a minifuge (8,000 g). The 
tube was frozen at - 80°C, and the tip containing the cell pellet was 
cut off. Radioactivity in the tip was determined by counting the tip in 
a gamma counter. Nonspecific binding of the labeled EP was 
determined by adding a 20 to 100-fold excess of unlabeled EP in the 
binding assay ( 100 to 200 units EP/mL). } 

For binding at 0°C, the protocol was essentially the same as at 
37°C except that the cells were cooled for one hour in an ice bath at 
4°C, and the incubation was carried out in sealed 1.5 mL minifuge 
tubes in the ice bath. 

For determination of the binding affinities by the method of 
Scatchard," the cells were incubated for 20 hours at 4°C. This time 
is sufficient for the binding to plateau, the cell viability as measured 
by trypan blue exclusion to remain >90% viable, and bound EP to be 
substantially released. However the binding of lM I-EP is not totally 
reversible at 20 hours (60% of ,M 1-EP bound was released). W I«EP 
bound to FVA cells was not totally reversible during a reasonable 
period at 4°C. Extrapolation of the second order release curve 
showed 90% of bound l25 I«EP was released at 72 hours. However, 
binding at 4°C for this length of time or greater is not feasible since 
the cells are not stable and they disintegrate. Nevertheless, binding 
at 48 hours at 4°C did not affect the binding constant for FVA cells. 
Therefore these studies were carried out at 20 hours for conve- 
nience. 

Determination of surface-bound and internalized EP. An acid 
wash, which has been used previously to remove surface-bound 
ligands, 1,14 was used to remove surface-bound labeled EP from the 
cell surface. At the indicated times after labeled EP was added to the 
cells, the cells were cooled to 0°C by the addition of a ninefold excess 
of coldbinding medium and transferred to an ice bath. After three 
washes to remove unbound ligand, the cells were pelleted by 
centrifugation in a minifuge for 30 seconds and resuspended in cold 
0.5 mmol/L NaCl and to 0.25 mmol/L acetic acid, pH 2.5. After 
three minutes, the cells were centrifuged through dibutyl phthalate 
oil. The tube was frozen, and the tip containing the pellet was cut off 
and counted. The aqueous phase also was counted. Parallel experi- 
ments were performed with a large excess of unlabeled EP in the 
binding assay, and the cells were treated with the high salt, pH 2.5, 
wash to deterrnine the distribution of the nonspecifically bound EP 
between the acid labile and stable radioactivity. After nonspecific 
radioactivity was subtracted, the labeled EP in the acid wash was 
considered surface bound, while the labeled EP resistant to the acid 
wash was considered internalized. 

Cross-linking of m I-EP. m I-EP was cross-linked to the surface 
of human erythroid colony-forming cells with DSS in a similar 
fashion as described previously for FVA cells. 3 I25 I-EP was added to 
10 7 cells for 30 minutes at 37°C. DSS was added at 500 urn for 15 
minutes at 0°C. The cells were washed three times with 1 50 mmol/L 
Tris-HCl, pH 7.4, to quench the cross-linking reaction and remove 
unbound EP. The cells were then extracted for one minute at 0°C 
with a solution containing 1.0% Triton X-100, 20 mmol/L HEPES, 
pH 7.4, containing the mixture of 1 1 protease inhibitors described 
above. The disrupted cell preparation was then centrifuged at 1,000 
g for one minute to remove nuclei and cell debris; the supernatant . 
and pellet were both analyzed by SDS-PAGE. 

12S I-EP was bound to receptors on the plasma membrane fraction 
and was cross-linked in a similar fashion as described previously. 5 
Membranes were incubated with 7.5 units of ,23 I-EP per milliliter in 
100 mmol/L phosphate buffer, pH 7.4, containing 1 mmol/L EGTA 
and 0.1%'bovme serum albumin for 1 5 minutes at 37°C. The mixture 
was transferred to an ice bath, and DSS was added to a final 
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concentration of 200 ^mol /L for 1 5 minutes. Tris-HQ, pH 8.0, was 
added to a final concentration of 150 mmol/L, and the membranes 
were pelleted by centrifugation at 13,000 g for 30 minutes. The 
pellet was resuspended in 10 mmol/L Tris-HCi, pH 7.4, and 100 
mmol/L NaCl and washed twice. The pellet was suspended in 
sample buffer, boiled for three minutes and sonicated briefly. The 
material was analyzed by SDS-PAGE as described by Laemmli. 15 

RESULTS 

Binding and internalization of l2S I-EP. FVP cells were 
purified from the spleens of mice infected with the polycy- 
themia strain of the virus. Surface receptors were quanti- 
tated by measuring the binding of l25 I-EP at 0°C for 20 
hours. Figure 1 shows the amount of bound n5 I-EP when 
increasing concentrations of ,1S I-EP were added. In Fig 1 the 
data were plotted by the method of Scatchard." The inter- 
cept reveals a total of 650 surface receptors. The slope 
reveals a single class of receptors having a disassociation 
constant of 700 pmol/L. Binding to FVA cells is also shown 
in Fig 1 to illustrate the two classes of 125 I-EP binding sites in 
these cells compared with the single class of receptors found 
in FVP cells. ,25 I-EP was also bound to FVP cells at 37°C 
(Fig 2B) and the internalization of l25 I-EP by FVP, FVA, 




IOO 200 300 400 500 600 700 800 900 
,25 I-EP Bound, molecules/cell 

FIq 1 . Binding of '"l-EP to FVP eel la and FVA ceils. Immature 
erythroid cells were purified from mice infected with the polycy- 
themia and FVA. These cells were then incubated with the 
indicated concentration of us l-EP.for 20 hours at 0"C. Nonspecific 
binding was determined in the presence of a 20-fold excess of 
unlabeled EP. Nonspecific binding was <2J0% and was subtracted. 
Data are the mean of triplicates ± SD. At the maximum binding for 
FVA ceils approximately 5,000 cpm of ^t-EP were specifically 
bound per 10* cells. The binding data were plotted by the method 
of Seatchard." A. FVA cells, FVP cells. 




TIME, minutes 

Fig 2. Binding and internalization of '"l-EP by FVA cells, FVP 
ceus. and MEL cells. m kEP was added to the cells at t - 0 and 
incubated for the indicated time at STC. The surface bound 
hormone (•) and internalized hormone (O) were determined by 
extracting surface ,i8 MEP from the ceil with a pH 2.5, high salt 
wash as described In the Materials and Methods section. 

and MEL cells were compared (Fig 2). FVP cells bind 900 
molecules of l2S I-EP after 30 minutes at 37°C and the 
binding slowly falls to a plateau level of 600 total molecules 
by 90 minutes (sum of surface and internal radioactivity). As 
previously reported, 1 FVA cells bind 1,500 molecules at 30 
minutes after which the level falls to 1,000 molecules of EP. 
MEL cells bind 850 molecules of EP at 37°C, which is 
compatible with our eariier report of 760 receptors on the cell 
surface. A pH 2.5, 0.5 mol/L NaCl wash was used to strip 
away surface bound l35 I-EP to discriminate surface bound 
hormone from internalized hormone and degradation prod- 
ucts. FVP cells and MEL cells internalized l25 I-EP in a 
similar fashion as FVA cells. As previously reported for FVA 
cells, intracellular radioactivity predominated after 30 min- 
utes of incubation with l25 I-EP at 37°C. Additional experi- 
ments were carried out to show that the internalized I25 I-EP 
was degraded to l2S I-iodotyrosine (data not shown). 

Plasma membrane fractions from FVA cells, FVP cells, 
and MEL cells were tested for l23 I-EP binding. Smooth 
membrane from mouse and rat placenta were also prepared, 
and ,25 I-EP binding was quantitated (Fig 3 and Table 1). 
Binding was determined for a range of increasing concentra- 
tions of l25 I-EP and plotted by the method of Scatchard, the 
number of receptors was determined from the intercept while 
the dissociation constant was determined from the slope. In 
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Fig 3. Binding of '**I-EP to membranes from FVP ceils, MEL 
cells, and placentas from mice and rats. Membranes were pre- 
pared and binding of 1Z *I-EP were carried out as described in the 
Materials and Methods section. Binding was performed in tripli- 
cate and the mean ± SD is shown. Nonspecific binding was carried 
out in an .excess of unlabeled EP and subtracted. In these 
membranes, nonspecific binding was similar; at the highest con- 
centration of ""l-EP, this nonspecific binding was 16% of total in 
FVP membranes and increased up to 68% in rat placenta. In the 
lower panel, the data were plotted by the method of Scatchard. 
FVP, <#)); MEL, (Oh mouse placenta, (□); rat placenta {■). 

contrast to FVA cell membranes, which have higher and 
lower affinity receptors, the other membranes showed a 
single class of receptors with a (Kd) dissociation constant 
from 600 pmol/L to 1.0 nmol/L (Table 1). FVA and FVP 
cell membranes contained more receptors (72 and 54 recep- 
tors/pg protein) than membranes from MEL cells (27 
receptors/pg protein), and all the erythroid cell membranes 

Table 1 . tn l-EP Binding to Membranes From Erythroid Cells and 



Placenta 




Receptors/pg 


Binding Affinity 


Membrane Source 


Protein 


(Kd) 


FVA cells 


72 


80 pmol/L. 600 pmol/L 3 


FVP cells 


54 


800 ± 200 pmol/L • 


MEL cells 


27 


900 ±100 pmol/L 


Mouse placenta 


19 


1.000 ± 400 pmol/L 


Rat placenta 


9 


900 ± 200 pmol/L 


•Binding affinities £ 


shown are the mear 


of two to four Determinations 



contain more receptors than placenta membranes (mouse 19 
and rat 9 receptors/pg protein) when normalized for protein 
content. These data are from* Fig 3. Other preparations of 
membranes had similar numbers of receptors. Inclusion of 
additional inhibitors of proteinase activity increased the 
receptors/protein ratio by 70% in FVA cells over the previ- 
ously reported value. 3 

Cross-linking of n *l-EP to receptors. ,25 I-EP bound to 
membranes prepared from FVA cells, FVP cells, MEL cells, 
and placentas from mice and rats was cross-linked to the 
receptor for EP using DSS. As shown by the autoradiograph 
in Figs 4 and 5, the 125 I-EP became covalently attached to 
two discretely migrating proteins such that the complex 
migrated at 140 Kd and 125 Kd. Subtraction of the molecu- 
lar mass of EP lead to the apparent molecular mass of 100 
Kd and 85 Kd. These bands were identical in each sample 
(FVA cells, FVP cells, MEL cells, and placenta from mouse 
and rat). In Fig 4 the SDS-PAGE is run in the absence of 
reducing agent. The results are identical to the SDS-PAGE 
of the same samples l25 I-EP cross-linked membranes run in 
the presence of reducing agent (shown in Fig 5). This 
indicates the absence of disulfide bridges between the two 
labeled proteins of 100 Kd and 85 Kd in all these erythroid 
cells and placentas. 

Intact cells were used to identify the receptor for EP in 
human erythroid cells. After binding l23 I-EP to these cells at 
37°C, DSS was added to the binding mixture. The cells were 
disrupted and both the extract (Fig 6C) and cell debris 
fraction (6B) were analyzed by SDS-PAGE. ,25 I-EPO cross- 



FVA FVP 



MEL PLACENTA 
mouse rat 




Mr 



- l4QkDa 
-125 k Do 



± the variance in these determinations. 



Fig 4, Cross-linking of "VEP to membranes from FVA call*, 
FVP cells, MEL cells, and placentas from mice and rate. Binding and 
cross-finking was performed as described in Materials and Meth- 
ods. Nonspecific binding was done in the presence of 200 U/mL 
unlabeled EP. The cross-linked membranes were dissolved in 
sample buffer without reducing agents and radioactivity was 
counted in a gamma counter. Equal amounts of radioactivity were 
loaded (an equal volume of extract of the corresponding nonspe- 
' dftc sample was loaded) on e 596 acrytamide gel. The dried gel was 
subject to autoradiography. FVA cells, lanes a. b; FVP cells, c, d; 
MEL cells, e. f ; mouse placenta, g, h; rat placenta, i. j. Nonspecific 
cross-linking is shown in lanes b. d. f. h, and J. 
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Rg 6. , Cross-tin king of ,a "l-€P to membranes from FVA celts. 
FVP cells. MEL cells, and placentas from mice and rats. One 
milligram of membrane protein was incubated with 5 units of 
"VEP for 1 6 minutes and cross-linked with 0.2 mmot/L OSS. The 
samples were analyzed by SOS-PAGE in the presence of 0- 
mercaptoethanoi and autoradiography. Lane A. FVA cells: B. FVP 
cells; C. MEL cells; D, mouse plscente; E, rat placenta. 

linked proteins were found to migrate in the gel at a position 
corresponding to a molecular mass of 140 Kd and approxi- 
mately 130 Kd. .While the 140 Kd band is identical to that 
found in mouse tissues, the lesser molecular weight band 
appears just slightly larger than the corresponding band in 
mouse FVA cells (Fig 6D). A minor band that migrates at 
1 10 Kd was also seen in the cell extract but not in the cell 
debris fraction. The presence of this band was variable from 
one experiment to another and may be a proteolytic fragment 
of the larger cross-linked bands. The gel pattern was identi- 
cal in the presence and absence of reducing agents. 

DISCUSSION 

Following the appearance of our report of the structure of 
the receptor in FVA cells as two proteins of 100 Kd and 85 
Kd molecular mass,* Todakaro et al 7 reported that the 
receptor in an EP responsive cell line was composed of three 
subunits of 119, 94, and 63 Kd, which were not connected 
through disulfide bridges. In addition, three erythroid cell 
lines unresponsive to EP (including clone 745 MEL cells) 
were found to have only the 63 Kd band cross-linked to 
l23 I-EP. However, Sasaki et al 10 reported identical 100 Kd 
and 85 Kd subunits of the receptor for EP in EP-responsive 
TSA8 erythroid cells, FVA cells, mouse fetal liver cells, and 
spleens from anemic mice. Tojo et al reported the EP 
receptor as bands of 110 and 95 Kd in fetal mouse liver, 16 
while Mayeux et al reported two proteins of molecular mass 
of 94 and 78 Kd in fetal rat liver*; and Pekonen et al 
described two proteins of 85 Kd and 41 Kd in human fetal 
liver.* 




A B C D E F 

Rg 6. Cross-linking of ,W I-£P to human erythroid colony- 
forming cells and FVA cells. ,M I-EP was bound to the cells and 
cross-linked as described in Materials and Methods. Nonspecific 
binding was determined in the presence of 100 units of unlabeled 
EP. lanes A end F. The cells were extracted with detergent and 
centrifuged at 1.000 g. Cell extract, lanes A. C. O. and F: cell 
debris. B lanes and E. Human erythroid colony-forming cans, lanes 
A. B. end C; FVA cells, lanee D. E. and F. 

In view of the possibility that different subunits of the 
receptor might exist in different animal species or different 
cell lines, we compared the structure of receptors for EP in 
different erythroid cells. In contrast to the finding of oth- 
ers, 710 we found that the structure of the receptor for EP in 
the MEL cells consisted of the same 100 Kd and 85 Kd 
proteins found in FVA cells and all other tissues tested in this 
study. In addition, the rat and human receptor were similar 
to the mouse receptor, in contrast to reports of lower molecu- 
lar weight receptors. 1,9 We suspect that the lower molecular 
weight proteins cross-linked to 12S I-EP in these earlier reports 
are proteolytic fragments of the larger molecular weight 
proteins. In early experiments we observed a band of 70 Kd 
when 115 I-EP was cross-linked to intact MEL cells and the 
cross-linked complex was extracted with Triton X-100. In 
other studies to be published elsewhere, the receptor for EP 
in FVA cells was observed to be degraded to a series of lower 
molecular weight protein after cross-linking to m I-EP to 
intact cells. This could be prevented by the addition of 
proteinase inhibitors. While the cross-linked receptor is very 
insoluble in nonionic detergents, the degradation fragments 
are more easily extracted. Earlier reports on the EP receptor 
in MEL and fetal rat liver cells used Triton X-100 extraction 
of cross-linked receptor from intact cells. Likewise, an addi- 
tional minor band was seen in the soluble extract of cross- 
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linked receptor from human CFU-E but not in the insoluble 
fraction (Fig 6). Preparation of plasma membranes from 
cells eliminates the need to extract the receptor from the 
intact cell and lowers the ratio of receptor to proteinase 
activity during the cross-linking reaction. 

In contrast to our work and the work of Todokoro et a!., 
Sasaki et al showed that the cross-linked bands mostly did 
not enter the gel or a minor band was observed at 210 Kd in 
the absence of reducing agent during SDS-PAGE. 10 Mayeux 
et al reported the existence of 94 and 78 Kd proteins 
cross-linked to l25 I-EP in fetal rat liver cells and also 
suggested that these proteins were subunits of a large molec- 
ular weight complex bridged by disulfide bonds * In this 
study no evidence of disulfide bridging between the 100 and 
85 Kd proteins of the EP receptor was detected in any cell or 
tissue examined. The observations of large molecular weight 
proteins cross-linked to ,25 I-EP on SDS-PAGE in the 
absence of reducing agents may be due to the incomplete 
solubilization of the cross-linked membranes* Mild treat- 
ment of 125 I-EP cross-linked to FVA cell membranes and 
SDS-PAGE in the absence of reducing agents leads to a 
weakly labeled band at 230 Kd and most of the radioactivity 
at the top of the running gel and stacking gel. This radioac- 
tive material was cut out of an unfixed gel and rerun on 
SDS-PAGE in the presence of 0-mercaptoethanol. Only 1% 
of this radioactivity was found in the 100 and 85 Kd 
cross-linked bands while 99% was non cross-linked S25 I-EP 
(data not shown). Mild sonication of the cross-linked mem- 
brane in sample buffer for SDS-PAGE containing no reduc- 
ing agent converted the higher molecular weight cross-linked 
material into the clear 100 and 85 Kd proteins. This strongly 
suggested the absence of disulfide bridges between the 100 
and 85 Kd proteins. 

This study reports the structure of the normal human 
erythroid receptor for EP. The human receptor is virtually 
identical to the mouse and rat receptor, however a slight 
increase in the molecular mass of the lesser protein of the 
human receptor compared with mouse and rat may occur. 
Other experiments show the very slight difference in migra- 
tion of the two proteins of the human receptor compared with 
that in FVA cells. We suspect that the lower band of the 
receptor for EP may be due to the cleavage of the 100 Kd 
band by proteinase. If this is the case, a subtle difference in 
the amino acid sequence of the human 100 Kd receptor 
protein could lead to a different site of cleavage and therefore 
a fragment of slightly larger molecular mass. 

It is of interest that the receptor for EP is remarkably 
similar in mouse, rat, and human tissue. Furthermore, the 



similarity of receptor in erythroid cells and placenta is also of 
interest in that the function of the receptor in the placenta is 
not proven. This is the first report of the existence of 
receptors for EP in placenta. The finding in this laboratory 
that I2S I-EP crossed from maternal circulation to the fetus in 
pregnant mice 17 led us to investigate the existence of recep- 
tors for EP in the placenta. We think that the placental 
receptors for EP may be involved in the transplacental 
transfer of 125 I-EP but additional experiments are necessary 
to prove the physiological relevance of the transfer of EP to 
the fetus and the receptor mediated nature of the transfer. 

The nearly identical structure of the receptors in the 
normal human erythroid cells and normal placentas com- 
pared with the receptors in mouse erythroid cells that 
proliferate in response to infection with the Friend virus 
indicates that the Friend virus does not stimulate erythroid 
development through a gross modification of the structure of 
the receptor for EP. The two strains of Friend virus, FVA, 
and FVP, lead to different responses when either mice or 
bone marrow cells are infected. FVA infection generates 
erythroid cells comparable with CFU-E in that the cells are 
responsive to EFand respond by undergoing erythroid matu- 
ration and growth. In contrast, FVP infection results in a 
proliferation of erythroid cells that are apparently undergo- 
ing erythroid maturation independently of EP. In culture 
these cells do not respond to EP. 4,11 It is possible that 
autocrine production of EP by FVP cells might be responsi- 
ble for this apparent independence of regulation by EP, but 
preliminary experiments in our laboratory have failed to 
detect production of mRNA coding for EP in FVP cells. 

The presence of receptors for EP on MEL and FVP cells 
on which EP has no apparent effect suggests that the normal 
mechanism by which EP triggers these cells has been altered. 
In this regard, we studied internalization of ,2S I-EP by MEL 
and FVP cells. ,2i I-EP was internalized in these cells in 
exactly the same manner as the EP-responsive FVA cells. In 
earlier work, the higher affinity receptors on the FVA cells 
appeared to be preferentially endocytosed 1 ; however, this 
study shows equal efodocytosis of higher and lower affinity 
receptor since FVP and MEL have only lower affinity 
receptor for EP. The presence of higher affinity receptors on 
FVA cells and human CFU-E 12 may be responsible for their 
capacity to respond to EP with erythroid maturation. How- 
ever, the molecular mechanism for this effect is still unknown 
since the present study shows that the structure of the 
receptor for EP in cells containing either higher and lower 
affinity receptor or only affinity receptors is identical in gross 
structure. 
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Human, rat, and mouse kidney cells express functional 
erythropoietin receptors 

Christof Westenfbldek, Diana L. Biddle, and Robert L. Baranowski 
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CfeHs ofhmnnn, rot, and mo use Lidncy express functional eryth- 
ropoietin receptors. 

Background. Erythropoietin (EPO), secreted by fibroblast- 
Iike alls in the renal interstitium, controls erythropoiesis by 
regulating the survival, proliferation, and differentiation of ery-, 
throid progenitor cells. We examined whether renal cells that 
are exposed to EPO express EPO receptors (EPO-R) through 
which analogous cytokine responses might be elicited. 

Methods. Normal human and rat kidney tissue and defined 
cell lines of human, rat. and mouse kidney were screened, using 
reverse transcripdOD-poIymerase chain reaction, nucleotide se- 
quencing, ligand binding, and Western blotting, for the expres- 
sion of EPO-R. EPO's effects on DN A synthesis and cell prolif- 
eration were also examined. 

Results. EPO-R transcripts were- readily detected in cortex, 
medulla, and papilla of human and rat kidney, in mesangiai 
(human, rat), proximal tubular (human, mouse), and medullary 
collecting duct cells (human). Nucleotide sequences of EPO-R 
cDNAs from renal cells were identical to those of erytnroid 
precursor cells. Specific ^I-EPO binding revealed a single class 
of high- to mtermediatfi-affimty EPO-Rs in each tested cell 
line (kD 96 pw to i.4 ntf; B«, 03 to 7 -0 fmol/mg protein). 
Western blots of murine proximal tubular cell membranes re- 
vealed an EPO-R protein of approximately 68 kDa. EPO stim- 
ulated DNA synthesis and cell proliferation dose dependently. 

Conclusion. This is the first direct demonstration, to our . 
knowledge, that renal cells possess EPO-Rs through which 
EPO stimulates mitogenesis. TWs suggests currently unrecog- 
nized cytokine functions for EPO in the kidney, which may 
prove beneficial in the repair of an injured kidney while being 
potentially detrimental in renal malignancies. 



Erythropoietin (EPO) is a 34 kDa glycoprotein hor- 
mone that controls erythropoiesis by receptor-mediated 
regulation of survival, proliferation, and differentiation 
of eryrbroid progenitor ceDs [1]. In the adult, EPO is 
secreted primarily by fibroblast-like interstitial cells of 
the renal cortical labyrinth and, to a smaller degree, by 
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the liver [1-5]. Renal EPO is first secreted into peritubu- 
lar capillary blood that also contains residual EPO [1. . 
6*]. From here, renal veins deliver the hormone into ihe 
systemic circulation [1,6]. 

Intriguingly, EPO-producing cells are also in direct 
contact with the basal aspects of proximal and distal 
tubular cells [1-5. 7]. We reasoned that this anatomical 
relationship between EPO-secreting cells, the intrnrcr -l 
capillary network, and tubular and other renal cells co L.d 
facilitate endocrine and paracrine actions of EPO within 
the kidney itself. This would require that potential tor- 
gets* such as renal tubular cells, possess functional EPO 
receptors (EPO-Rs) on their surface [8]. This has, how- 
ever, not been systematically investigated to date, and 
as a consequence, endocrine or paracrine actions of EPO 
within the kidney have not been considered. This is 
primarily due to the assrimption, until recently. \Y : 
EPO-Rs existed only on erytnroid progenitor cells a».-J 
that, therefore. EPO's efiects were restricted to these 
cells [8J. 

Recently, however, Anagnostou et al showed that vas- 
cular endothelial cells possess EPO-Rs and proliferate 
and migrate hi response to EPO [9, 10]. Others have 
demonstrated that EPO-Rs are present in rodent pla- 
centa [11], rat brain and neuronal PC12 and SN6 cells 
[12, 13], testicular Leydig cells [14], and gastric epithet 1 
cells [15]. In Leydig cells, EPO stimulates testosterone 
synthesis, and in gastric mucosal cells, it stimulates mito- 
genesis- In the brain of gerbils, EPO was shown to ame- 
liorate the injury caused by ischemia [16], whereas in 
glomerular mesangiai cells, it was found to activate cal- 
cium channels, potentially resulting in cellular contrac- 
tion [17]. Taken together,- these observations provide 
growing evidence in support of the notion that £Pf> 
may possess important physiological functions in varioi • 
nonhemopoietio cells. 

To explore EPO's nonhemopoietic functions further, 
we conducted a systematic search for EPO-R in human 
and rat kidney tissue and in various lines of cultured 
renal ceDs. We detected authentic EPO-R transcript and . 
protein expression and specific binding of EPO to cell 
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surface receptors. Receptor activation stimulated nnto- 
senesis to vitro, demonstratingthat EPO may act through 
f t . iceptors in the kidney as a currently unrecognized 
cysteine. 

METHODS 
Human kidney 

Normal tissue from two different nephrectomy speci- 
mens ws obtained with our Institutional Review Board 
ORB) approval. Tissues were immediately placed into 
c^led phosphate-buffered saline (PBS), rinsed free of 
b jd, frozen in liquid nitrogen, and dissected into cor- 
tex, outer medulla, and papilla. The samples were stored 
at -7FC unta RNA was extracted. mRNA from normal 
human fetal liver (week 19) served as a positive control. 

Rat kidney 

For all studies (approved by the Institutional Animal 
Care and Use 0>rarmttee). normal, .adult, male Sprague- 
T»wley rats weighing 300 to 350 g were used. Animals 
free access to food and water. Before sacrifice, rats 
were anesthetized (ketamine, 1 mg, and acepromazine, 
0 1 mg/100 g body wt Lp.), and hearts and kidneys were 
rapidly removed, placed hi chilled PBS, rinsed free of 
blood, frozen in liquid nitrogen, and stored at -70°C 
until RNA was extracted. Kidneys were dissected into 
cortex, outer medulla, and papula. • 

Because anemia causes the accumulation of 
EPO-R-expTessing erythrpid progenitor cells, it was 
• : to obtain negative and positive controls [8]. Accord- 
ing^, using a modification of a previously reported 
method [18], adult male Balb C mice (N « 3), weighing 
40 to '50 g, were made anemic with a 5 mg/ml solution 
of phenylhydrazine in PBS administered once a day for 
three days (50 mg/kg body wt Lp.). Sham animals (N - 
3) were treated with an equal volume of PBS. After two 
additional days, hematocrits in phenylhydrazine-treated 
animals had decreased from 46 ± 2% to 3L ± 3% (P < 
t ' *K whereas they remained stable in sham animals 
± 2% and 46 ± 2%). Arumals were then sacrificed 
undeT nembutal anesthesia (40 mg/kg body wt i.p.), and 
spleens were harvested, immediately frozen in liquid ni- 
trogen, and stored at -70°C Subsequently, RNA was 
extracted, and cell membranes were prepared for West- 
ern blotting, as described later here. 

Cell lines 

Defined, normal human proximal tubular cells (HCTs; 

;netics Corp, San Diego, CA, USA) at passage 2 and 
normal human medullary collecting duct cells (HMCDs) 
at passages 2 and 3 were grown to high subconfluence 
in a 1:1 mixture of Dulbecco's modified Eagle's medium 
(DMEM) and F12 containing 1 x insulin, transferrin, 
selenium (Sigma, St Louis, MO, USA)- epithelial growth 
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Fig. L Scfeema orthemRNAlhrt encodes ^^^V^^^ 
r2? 251. It k composed of eight «cn* exons 1 through V rt^yweotine 
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prions of the human EPO-R transcript mat bound by Ac three 
PCR primers (1 through 3) ote^own obove, and PCR. prtaav ( land 
2) utilized for rai and mouse EPO-R transcripts, below the diagram 
(not to scale). 



factor (10 ngfcnl), 13 (4 pgtal), and 10% newborn calf 
serum (NCS: Hydone, Logan. UT. USA) at 37°C in 5% 
CO^air [19]. Defined, normal mesangial cells obtained 
from adult human (HMCs) and rat (RMCs) kidney at 
passages 2 to 3 were grown to high subconfluence m 
DMEM with 10% NCS at 37°C m 5% CO^air. Trans- 
formed murine proximal tubular cells (MCTs) are a well- 
defined cell line that retains many characteristics of na- 
tive proximal tubular cells [20]. They were grown in 
DMEM with 10% NCS at 37°C in 5 % CO^/air. A human 
erythroleukemia cell line that expresses high numbers 
of EPO-Rs. OCIM 1 cells [21], served as positive con- 
trols. They were grown at 37°C in 5% COVair in suspen- 
sion culture, using Iscove's modified Dulbecco's media, 
. containing 10% heat-inactivated fetal calf serum (FCS) 
and 5 X 10""* m 0-mercaptoethanol HeLa cells (ATTC. 
RodcvUle. MD, USA) served as negative human con- 
trols. They were grown in MEM and 10% NCS. HCD 
57, an EPO-dependent murine erythroleukemia cell line 
with high level expression of EPO-Rs [22], served os the 
positive control. They were grown in suspension culture 
media as described for OCIM 1 cells. In addition. I 
U/ml of human EPO was added to the culture media. 
Mouse NIH 3T3 cells, embryonic mouse fibroblasts, 
served as negative controls (ATTC). They were grown 
in DMEM with 10% NCS at 37 8 C in 5% CQ/air. 

mRNA Isolation, RT-PCR, and gel electrophoresis 

Total RNA was isolated from tissues and cultured cells 
by an acid gn ?r" ^^- triiocyanate-phenol-chlorof orm 
method [23\ using TRI Reagent (Molecular Research 
Center, Inc., Cincinnati. OH, USA). For the reverse tran- 
scription-porymerase chain reactions (RT-PCR) 1 p.g of 
total mRNA was reverse transcribed (M-MLV reverse 
transcriptase; GIBCO, Grand Island, NY, USA), and 
the raulring cDNAs were subjected to 35 cycles of the 
PCR. The amplification of the examined cDNAs was 
linear up to 40 PCR cycles for all primer sets used m 
■ this study. For human samples, three sets of PCR primers 
were chosen, each specific to a different domain of hu- 
' man EPO-R cDNA (Fig. 1). Their individual sequences 
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and respective positions within the coding sequence are 
as follows [24]: (1) sense, 5'-CCTGGT(X3GAGCCTGT 
GT-3', antisense, 5-CACGAQ3ACTGGCAOGAG-3 ' , 
yielding a 104 bp PGR product of nucleotides 704-807 
located on exons V and VI, spanning extracellular and 
transmembrane domains; (2) sense, 5'-TCGTGGTCAT 
CCTGGTGCTOCTGA-3', antisense, 5'-ACCTTCAG 
GAGAGTCTCGCGACGA-3 yielding a 240 bp PCR 
product of nucleotides 776-1015, located on exons VI 
and VHI, representing transmembrane and cytoplasmic 
domains; and (3) sense, 5'-CCCGAGCCCAGAGAGC 
GAGTT-3', antisense, 5'-TAGGAGGACGAGTAGA 
CGAAA-3', yielding a 372 bp PGR product of nucleo- 
tides 885-1229 on exons W and VIII, representing cyto- 
plasmic domains of the human EPO-R. 

For rat and mouse EPO-R cDNAs, two sets of primers 
were used for PGR amplification of homologous se- 
quences (Fig. 1) [12. 25}: (1) sense, 5'-TCTGGGAGGC 
" GGCGAACT-3', antisense, 5'-GAGGAGCGATGGTG 
GOGTAGT-^, yielding a 219 bp PCR product of micleo- 
tides 188-406 on exons n and EI, representing an extra- 
cellular domain; and (2) sense, S'-CGCTGTCTCTCAT 
TCTCGTC-3', antisense, S'-GGTTCGGGTCTCTTAC 
TCAA-3\ yielding a 118 bp PCR product of nucleotides 
758-875 on exons VI and VII, representing transmem- 
brane to cytoplasmic domains of the rat/mouse EPO-R* 

All primer pairs were chosen to span nitrons (Fig. 1), 
thus facilitating control for contamination by genomic 
DNA. All cell and tissue extracts were subjected to the 
PCR reaction once with and once without an initial re- 
verse transcription. 

As internal controls, human and mouse/rat 0-actin 
mRNAs were simultaneously reverse transcribed and 
PCR amplified. Hie primers used for human 3-actin 
cDNA had me following sequence: sense, 5'-TGTCC 
ACnTCCAGCAGATGT-3\. antisense, 5'-CACCTT 
CACCXmCC^GTrTr-3', yielding a 249 bp product. 
The primers used for rat/mouse 0-actin cDNA had the 
following sequence: sense, 5'-AGAGGGAAATCGTG 
CGTGACA-3', antisense, 5'-CACTGTGTTGGCATA 
GAGGTC-3', yielding a 279 bp product. • 

All PCR products were size fractionated on 26% Nu- 
Sieve agarose and 1% agarose gel (FMC Bioproducts, 
Rockland, ME, USA), stained with ethidinm bromide, 
and band locations were recorded by photographing 
them under ultraviolet light Size standards of DNA were 
rim in parallel (pBR322 DNA MSP I digest; New En- 
gland Biolabs, Beverly, MA, USA). 

Nucleotide sequencing 

Besides the use of appropriate negative and positive 
controls, unequivocal proof for the authenticity of renal 
EPO-R transcripts was obtained by subdoning and se- 
quencing of the respective PCR products. Accordingly, 
PCR products generated with the species -specific first 



and second EPO-R primer sets (Fig. 1) from HCT and 
MCT mRNAs were subclone d (pCR3.1 vector Original 
TA Cloning Kit; Invitrogen, San Diego, CA, USA). Th» 
obtained subclones then underwent automated fluorc - 
cent DNA sequencing at the University of Utah- Core 
Sequencing Facility. 

Erythropoietin binding to cells 

Cells were grown to subconiruence, as described ear- 
lier here, and were mechanically harvested. They were 
then washed at 4°C for three minutes with 0.5 M NaQ 
and 0.25 m acetic add (pH 2.5) in order to remove EPO 
bound to the cell surface [12] and were washed twi * 
more with PBS (pH 73). Binding assays were carried out 
by placing approximately 1 X MP cells in an incubation 
mixture , containing PBS with 0.1% bovine serum albumin, 
0.1 % NaNa, to inhibit internalization, and a 200-fold excess 
of recombinant human erythropoietin (rHuEPO) in a to- 
tal volume of 170 pi ^I-rHuEPO (specific activity 948 
Ci/mmol; Amersham, Arlington Heights, IL. USA) was 
added to cell aliquots in increasing concentrations (-40 \ 
to 620 pM) and was incubated for three hours at 15 r ' ' ) 
The cells were then pelleted and washed three lim .$ ; 
with 200 \l\ of ice-cold PBS, and cell-associated radioac- 
tivity was measured with a gamma counter. By measuring 
the difference in radioactivity when cells were incubated 
either in the presence or in the absence of 200-fold excess 
unlabeled EPO (recombinant human EPO; Amgen. 
Royal Oaks, CA, USA)* the amount of specific EPO 
binding was determined. Assay conditions were designed 
to keep total EPO binding (specific plus nonspecil? ' 
below 10% of the total amount of radioligand addc-. 
To obtain Kj and Bom* both linear Scatchard [26] and 
nonlinear (GraphPad Software, Inc., San Diego. CA. 
USA) regression analyses of the equilibrium-binding 
data were performed. The time course of Iigand binding 
was determined by incubating ^-rHuEPO at a concen- 
tration of 620 pM with approximately 1 x 10* cells at J 5°C 
for four hours. To test whether specific EPO binding 
has a linear correlation with the number of cells use-*, 
increasing numbers of cells, from 0 to 9 X 10*. we- : 
incubated with ^I-rHuEPO (620 pM) for three hours ac 
15°C both in the absence and the presence of 200-fold 
excess unlabeled EPO. 

Immunological detection of erythropoietin 
receptor protein 

Murine proximal tubular cells (approximately 5 X 10 6 ). 
grown in 75 cm 3 flasks, were washed twice with ice-col' 1 
PBS and were collected by scraping and centrifuginc 
The pellet was frozen at -70°C Spleens from anemic 
and sham mice were obtained, rinsed free of blood, and 
frozen at -70°G Cell membranes from MCTs and 
spleens were prepared as previously reported [17]. In 
brief; approximately 50 mg of spleen tissue or 5 X 10° 
MCTs were homogenized in a polytron in 1 ml hypotonic 
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Inftdiaminetetiaacetic acid, pH 7.4, 1% Tnton * 
?<\^envlmefeylsulfonyl fluoride). Following cen- 
STdoSSniutes at 6000* gat 4'C.fee supema- 
SoBtaudng cell membrane protein, was collected. 
^.r^T membrane protein prepay torn 
„ ' « and MCTS were then immunoprecipitetec I by 

£3 the Ctennmn. of » 
'^Biotechnology. ^^J^ j5JK- 
trre was incubated overnight at 4 G Protein f , j 
ELS Sa Cruz Biotechnology) was then added, 
SSre was tocubatedfor ™fe« ifereehou» 
« 4-C After four washes m lyas buffer, the peUeted 
earo* antibody complex ^ ^ X 

t" .jnirs sample buffer and heated at lOtTC tor tour 
^utSpnortoelectrophoresls o^^^ l l 0 d d ^ 1 
Ste-polyacrylamide gel. as fwously reported p?. 
TTheseparated protein bands were then electtopho- 
reucally transferred to Hybond-P membrane (Amer- 
W These were incubated for two hours * room 
temperature in a mixture of blocking buffer (TBS-T. 10 
^Tris-buffefed saline, pH 8.0. ai% Tween and 
5% noalat powdered milk in order to prevent binding 
. Lpedfic sites. A 1:1000 ^on of the prrn^y 
„.,oodym blockingbuffer was then added to fee mem- 
branes%nd they were incubated at T^mtempe«tt« 
for 45 minutes. After three washes in ^S-T, theje»od 
antibody was added (1:1000 dilution of » 
pereridLe-conjugated antirabbit IgG), followed by a 
X-hour incubarion at room temperature. After four 
washes in TBS-T, the protein bands w«e madevis^e, 
usine a chernflurmnescence detection system (Et-U Am 
e^am) and recorded on radiographic film as previously 

"tFJSL, of anti-EPO-R antibody bfedfegby 
MCT protein extracts was further assessed by reactog 
the primary blots, prepared as descnb«i earher here^ 
with a 1:1000 dilution of primary antibody J**? 
neutralized (17 hours at 4«Q with a 10-fold . mass), 
excess of EPO-R antigen (C-termmal peptide; Satate 
Cruz Biotechnology). The remaining steps of the immu- 
nodetection protocol were then performed as described 
Lerhere. . 

DNA synthesis 

Cells were grown in 24-weU plates. Once attached and 
snbconfluent,the cells were serum deprived for 24 hours. 
The effect of EPO on DNA synthesis, deteranKd by 
PHJ-mymidine incorporation, was assessed by incubat- 



5n B the cells for 20 additional hours with varying concen- 
SSL'S*) or 10% NCS.The eel* were *en pjfcjj 
with 0.5 u-Ci [^thymidine (specific activity 70 tc > yu 

SL* New England l^^^JJSS 
and incubated for four more hours before beingwasnea 
wife 750 Pi cold PBS and again with cold 5 % tachloro- 
Sic add Next, 750 ul of 0.25 M NaOH in 0.1% sodium 
Scy^lS.ere'added for 30 minutes in order to 
SSta proteins. Radioactrvit, was determined by 
ctotilladorl counting, with counts «P^^ ^ g 
urogram of protein. Protem "^'Ta^* 
Protein Assay (Pierce. Rockford, TU USA). 



Cell proliferation 

Afl tested cells were seeded at 1 X 10» per well in 96- 
weU plates and allowed to attach overnight in appro- 

j£i fse^-conteming -*?*^-£E£ 
Lnt bv incubation in serum-free media for 24 hours. 
Cta£S serum (10%) or EPO. at incremental con- 
Sfe£ was then added, and the incubation was con- 
Smed for 48 hours. At this time, media were removed 
vTI«i««^ with fresh media (without phenol Ted and 

2 SSmhen^tetrazolium bromide: Thiazolyl blue 
S^SdSlere incubated at 3VC for on additional 
Sours. After this, the media were removed and 
Sf of 0.04 N HQ in isopropanol were added to each 
well hi order to solubilize the blue MTT reduction prod- 

Tmicroplate reader at 570 nm with background subtrac- 
tion at 650 nm. Media o-glucose concentration X the 
Le of the MTT assay was well maintained thus pre- 
venting an underestimation of cell numbers [29]. In addi- 
SShwWwtei was assessed by hemocy orneter 
hunting of trypsinized cells. There was an exceUent 
SrcSteW = 0.99) between cell counts and results 
obtained by the MTT assay. 
Date reporting and statistical analysis 

All date on rat and human tissues and individual cell 
lines are representative of at least three to six^pbcatoons 
w independent experiments, respectively. Data are re: 
ponedTmeans ±k Differences betweer .data means 
were analyzed for statistical significance (P < 0.05) using 
Student's Mest for paired and independent poputeuons 
as well as analysis of variance 30]. Apparent K* and 
B vahSs for^T-EPO binding were derived by both 
Sear Scatchard 126] and nonlinear (GraphPad Software) 
regression analyses of the equflibrium-bmding data. 

RESULTS 

Erythropoietin receptor transcripts In human and 
rat kidney 

Fieure2shows ethidium brormde-stained agarose gels 
of EPO-R PCR products obtained from normal human 
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Fig. X Erythropoietin receptor (EPO-R) 
transcripts in human and rat kidney. {A) 
Ethidiuro bromide-stained gel shows the ex- 
pected 104 bp EPO-R PCR products (first 
primer set fn Pig. 1) from ham on renal cortex 
(lane 5), medulla (latie 6). and papilln (lane 
7). The first lane shows a DNA ladder. Lanes 
2 through 4 show toe corresponding 34« bp 
p-aetin PCR products, and lane K den > 
strates that deletion of the RT reaction > 
vents subsequent formation of PCR products 
(tested on papilla, lane 7). [B) Eihidium bro- 
mide-stained gel shows the expected 1 18 bp 
EPO-R PCR products (first primer set m Fig. 
1 J from rat renal cortex (lane 5 X medulla ( lane 
6). and papilla (lane 7)* Ottycr tone explana- 
tions as in (A). 




(Fig. 2 A) and rat (Fig, 2B) kidney. The hands in lanes 
5 (cortex), o I medulla), and 7 (papilla) of Figure 2A 
represent the expected 104 bp PCR pnnlueis or the hu- 
man EPO-R cDNA. The first lane shows DNA size stan- 
dards, and lane S demonstrates thai deletion of the re- 
verse transcription step yields no detectable PCR 
product in papillary tissue (lane 7;. The hands in lanes 
2 through 4 represent the 249 hp p-aetin PCR pnuJucts 
from cortex, medulla, and papilla, respectively. Bands 
of comparable intensity were obtained with the other 
two primer sets, yielding expected PCR products of 240 
bp and 372 hp. Human fetal liver Nerved as the positive 
control: it yielded identical PCR products 1 1 W. 240. and 
372 bp) as shown in Figure 3A. 

Figure 2B depicts, in lanes 5 { cortex i. 6 (medulla), and 
7 (papilla), the expected I US hp PCR products or the rat 
EPO-R cDNA. and lanes 2 through 4 show the corre- 
sponding 279 bp 0-actin PCR product from renal cortex, 
medulla, and papilla, respectively. The first lane shows 
DNA si2e standards, and lane 8 demonstrates that dele* 
rion of the reverse transcription step yields no detectable 
PCR product in papillary tissue (Jane ~). Bands of similar 
intensity were obtained with the other primer set. yield- 
ing the expected PCR product of 21° bp. Spleen from 
anemic mice served as positive control (Fig. 5B): it 



yielde^PCllproductsofpredictedsizeslllSaTidZI^ p 
for EPO-R; 279 bp for 0-actin), whereas rat myocardium . 
showed no EPO-R message (Fig. 3C). 

Erythropoietin receptor transcripts in renal cells 

Because the renal circulation may contain erythroid 
progenitor cells that express HPORs and because the 
kidney is composed of vascular, interstitial, glomerular, 
and distinct tubular cells, we next screened for the pres- 
ence of EPO-R message in denned renal cell tin es gro a 
in culture. Figure 4A shows the data from HCTs and 
HMCs. Bands in lanes 4, 6. and 8 depict the expected 
104, 240, and 372 bp products of the human EPO-R in 
HCT cells. Bands in lanes 5, 7, and 9 show the corre- 
sponding signals from HMCs. In lane 1 DNA size stan- 
dards and in lanes 2 and 3, the respective 249 bp g-actin 
signals are depicted. Figure 4B shows the data from 
HMCDs, Lane 2 shows the 0-actin signal and lanes 3 
through 6 show the EPO-R PCR products of expect- J 
sizes (372 bp, 240 bp, and 104 bp). Figure 5A confirms 
that EPO-R transcripts from human exyihroletikernia 
cells (OC3M 1) are comparable to those obtained in renal 
cells (positive control: bands in lanes 3, 4, and 5 represent 
EPO-R PCR products, lane 1 DNA size standards, and 
lane 2 JJ-actin signal, respectively), whereas no such mes- 
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Fig. 3. EPO-R transcripts in hnman, moose, and cat control tissues. 
M ) uil humnn lii cr sen cd m a positive control Gel shows the EPO-R 
PCR pmdtttia obtained tt ith ihe three primer sets (Fig. 1): 372 bp (lane 
' <u hp itatttf 4) and 2-1(1 hp (Jane 5). Lane I depicts 8 DNA ladder 
. i«u 2 ihv 24« bp B-uciin signal (B) Anemic monse spleen (positive 
. ..ml!. Gel ahnws the EPO-R PCR products obtained witi the two 
muuw.rui primer sets t Flu. I* 2)9 bp {font 3) and US bp (lane 4). 
Unc I depicts a DNA ladder, and lane 2 shows the 279 bp 0-actin 
signal, f C) Rui myncardium (negative control). . EPO-R expression (219 
bp PCR product') «w not detected (lane 3). Lane 1 depicts a DNA 
ladder and lam: 2 I he 27V hp B-acrin signal 



• -ue is detected in HeLa cells (negative control: lane 7 
"ws no 372 bp EPO-R PCR product; lane 6 is the 
y-actin signal). Together, these data demonstrate that 
HCTs. collecting duct, as well as glomerular mesaogial 
cells express EPO-R mRNA. 

Figure 4C depicts corresponding data from MCTs and 
RMCs. Bonds in lanes 4 and 6 represent the expected 
IIS bp und 219 bp PCR products of the mouse .EPO-R 
in MCTs. Bands in lanes 5 and 7 represent those from 
RMCs. Bands in lanes 2 and 3 represent the respective. 
*9 p-actin signals, and lane 1 shows DNA size standards. " 
-ieure 5B confirms that EPO-R transcripts from murine 
eryihroleukemia cells (HCD 57, positive control) are com- 
parable to those obtained in renal cells. Lanes 3 and 4 
Show 1 16* bp and 219 bp EPO-R PGR products, lane 1 
DNA size standards, lane 2 p-actin signal), whereas no 



EPO-R message is detected in NIH 3T3 cells (negative 
control: lanes 6 and 7 correspond to lanes 3 and 4, and 
lane 5 represents 0-actin). Collectively, these data dem- 
onstrate that murine proximal tubular and rat glomerular 
mesangJaJ cells express EPO-R mRNA- 

Sequendng of EPO-R cDNA 

To directly show that the PCR products derived from 
renal cells represent authentic EPO-R message, gener- 
ated cDNAs were subcloned, and their sequences were 
analyzed. Thus, sequencing of EPO-R cDN As generated 
from HCT mRNA, using both set 1 (104 bp, exons V 
and VI) and set 2 (240 bp, exons VII and VTH) of PCR 
primers (Fig. 1; Methods section), yielded results identi- 
cal to published EPO-R DNA sequences [19]. The se- 
quences of cDNAs generated from MCTs and rat kidney 
cortex by set 1 (219 bp, exons Hand EI: Fig. 1; Methods 
section) and set 2 (1 18 bp) of primer pairs specific to rat/ 
mouse EPO-R were also identical to published EPO-R 
DNA sequences [20]. These data prove unequivocally 
that HCTs and MCTs as well as rat kidney cortex express 
authentic EPO-R transcripts. 

Specific erythropoietin binding to cell surface and 
immunologic detection of erythropoietin 
receptor protein ^ 

In MCTs and HCTs. and in HMCDs, specific binding 
of ^I-EPO. to cell surface EPO-R was examined. Figure 
6A shows equflibrium binding data in MCTs. Specific 
binding of ^I-EPO in these cells occurred to a single 
rtflgc of high-affinity receptors (K* 96.1 ± 6.1 pM; B ra 
03 ± 0.07 fmol/mg protein; N « 3). and binding became 
saturated over time (Fig. 6B). Nonlinear and Scatchard 
analyses yielded comparable results. There was excellent 
linear correlation (r - 0.99) between specific ligand bind- 
ing in tested cell lines and cell numbers. The apparent 
in HCT cells was 1.1 ± 0.1 nil and 1.6 ± 02 
fmol/mg (N = 3), and in HMCDs (N = 3) the apparent 
Kd was 13 ± 0.2 um and 7.0 ± 0.8 fmol/mg protein. 

Western blots for EPO-R protein (Fig. 7). were gener- 
ated after initial immunopretipitation of MCT and 
mouse spleen cell membrane protein with anti-EPO-R 
antibody. Lane 1 on Figure 7A shows a representative 
Western blot from MCTs. Two immunoreactive protein 
bands of approximate molecular m»-sg of 68 and 90 kDa, 
respectively, are identified. When anti-EPO-R antibod- 
ies were first neutralized with an excess of specific antigen 
(C-tenninal EPO-R peptide; Methods section), no EPO- 
R-specific hnmunoreactiyity was detected (lane 2). Lane 
3 shows molecular weight standards. These data imply 
that die detected bands possess EPO-R-spedfic antige- 
nicity. As positive control, spleen cell membrane pro- 
teins from anemic mice were utilized. In these, immuno- 
reactive protein bands of comparable molecular mass 



E00008O 



C00024647 



8M 



Wrxirtifi'ttier a at Routt erythropoietin receptor? 





372 bp 
240 bp 



104 bp 



8 9 



72 bp 
40 bp 



34 bp 



219 bp 
118bp 



Fig. 4. EPO-R transcripts In renal cells. {A) 
Human proximal tubular and mcsongiu! cells. 
Gel shows in lanes 4. 6, and 8 the expected 
104. 24a and 372 bp PCR products of < 
human EPO-R in proximal tubular i s 
(HCT), and in lanes 5 and 9 chose in mcsnn^io) 
cells (HMC).The first lane shov« a DN A hid- 
den lanes 2 and 3. the 249 bp 0-nciin signals 
from HCT and HMC. respectively. (B) Hu- 
man medullary collecting duct cells. Gel shows 
oll^thrce EPO-R PCR products tinned 3 
through 5. 372. 104. 340 bp), a DNA ladder 
(lane 1 ) and p-actin signal (lane 2). ( Q Mmise 
proximal tubular and rat mesansb) celts. 
Lanes 4 and 6 depict the expected UK and 
21 9 bp PCR products of the EPO*R in mui ; 
proximal tubular (MCTs). and tonus S ai. - 
those in at mesanginl ceDs (RMCs). respec- 
tively. Lone 1 shows o DNA ladder and lanes 
■ 2 and 3 the corresponding 279 bp 0-actin «> 
nais fur each cell line. 



(6S and l ni k Dii ) were ideniilicd Mane 2 on Fig. 7B); 
however, ihe ntf kDa protein was not detected in nonnal 
spleen tlune I ). whereas ihe wii kDa hand was detectable 
both in normal and anemic spleens (Janes I and 2). This 
pattern sueuesi:. thai the hH kDa protein likely represents 
the Eku-R. because anemia siimula les the accumulation 
of ervlhmid progenitor cells in the spleen, that is, cells 
that express Hie EPO-R Lane 3 shows molecular 
weight standards. 

Mitogenic action of erythropoietin in iMCTs 

Figure *A ihmvs thai EPO dnse dependently stimu- 
lates DNA synlhesis in MCTV. Figure SB shows that 
48 hours after EPO was added. MCT proliferation was 
srimulaied smnincamly and dose dependently. This pro- 
liferative respmise was smaller but also evident 24 hours 
after EPu addiiiun. Tile addition of 10% NCS to quies- 
cent Mf.Ti served as the positive control. 



DISCUSSION 

The unique anatomical relationship between EPC- 
produong- interstitial fibroblasts and adjacent tubtii r 
cells [1, 6} prompted us to ask whether renal cells possess 
biologically active EPO-Rs that would enable them to 
respond to EPO. In our examination of human and rat 
kidney as well as various renal cell lines, we detected 
authentic, species-specific EPO-R expression at both the 
transcriptional and the translations! level, a single class 
of moderate- to high-affinity EPO-Rs, and specific, dose- 
dependent, mitogenic activity of EPO in vitro. They: 
findings , when considered as a whole, make this the fir . 
study, to our knowledge, to demonstrate conclusively 
that renal cells in culture possess functional EPO-Rs 
through which EPO can elicit mitogenic and possibly . 
other cytokine actions. We are currently investigating 
how these initial in viiro observations may applv to the 
biology of the nonnal and diseased kidney. 
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m„ e FPO.R transcripts In amlxol 

detected 0anes3 through 5. 372. 104, aw op* 
Lrae » shows a DNA ladder and lane 2the 
S signal. In HeLa cells ("fS^^T 
£a„o EPO-R message (lane 7. 2*D ^bp is 
detected. Lane 6 represents *aedn message. 
ffliKfouse cells. In HCD 57 cells (positive 

flnnes 3 and 4, 319 bp. 118 op)., in win 
cells (aegathre control), corresponding 
S>R^S 5* n^ de«e«ed (Ianes6and 
7). Lane 1 shows DNA ladder and laws 2 
lid 5show p-actin from respective cell lrnes. 





Owen our find,,, one would expect thai climca,* ^^1^^^^^ 
JSL 75*-* ***** aUerati0 ^ "^S SflScell carcinoma produces mcreased 
^fTioduction per * would result in delectable S>0 [361. Preliminary data from our labora- 
S^nrena. structure and Action. Tronic an = %%£SSFlL EP0 SulateS " 
that are not caused by sickle cell disease or other heme- torj? oemp carcm oma ceU lines, raising *e 
M J^^~^<^f?ZZg^ SSs£t£ ^-^uonof EPOfcr th^ = t 
^ tomical or functional changes in the 1^ ™« of an«nia could conceivably hasten the growth of some 
,• indicate that elevated EPO levels enwe ^-regu- ^mangnandes. fc . OTthatEPO 
lotion of EPO-R expression in the kidney on | £udy published to date has shown that EPO 
ttooWc effects of EPO are suppressed by counteracting .P^Strf i*i J** c^platmum-induced acute renal 
SCoftnaTrenal histology and function in ^^Zcao^ recovery [37]. 
tions have not been specifically «»^ ed ; ^Jl^? ^ of acute renal failure caused by acute tubular ne- 
acute anemia induced in rats was shown to Jead to f«m ^ ^ a depression of renal 
niflcant injury in SI segments of proximal tubuhu ceUs cross _ [38-40]- EPO replacement may thus serve 
TdadditiSniomhologicalchangesiothemtershn^ the repair of the injured kidney. . 
:ne cortical labyrinth [32]. Whether the , assoctamd "J—^^ ±e bio logical functions of EPO m 
.? increase in EPO production influenced theob cells has demonstrated that vascular endo- 
4 en?d histologic picture or renal function m this study oo-Rs and that EPO acts mthese 
is not known. l . , tion ^ ^ a mttogen and a motogen [9, 10], as yas^cm^ctor 
Acquired renal cysts may be another condmonj ui as a mn gen in part via induction of 
which EPO-s renotrophic effects could be endoSTl^. We- reported that mcubationof 
Although cyst fluid is often found to contain mcreased enc^ J ^ ^ epq causes significant 
levels of EPO [33]. it is unknowa ^helher cyst ^growth vascular en^ rf 6ar ty response 
is. a, least in part, the result of EPO's gJ^TSS ETC*, c-m^d the genes of several M 
capability or whether the latter contributes to die m »™^ ( ^ ^ and G-type natriuretic peptide. 
^ed incident of renal cell carcinomas toese J^^^ [43 ]. These findings reconfirm the abl- 
uents. Similarly, a significant percentage of patienB ^T^^ ^thdjalEPO-Rs to transmit otogenic 
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Fig. 6. Specific "I-EPO binding in murine 
prorfana] tabular cells (MCTs). M ) Equilib- 
rium binding curve and Seaxchardplni I inner r) 
of m I-rbEPO binding in MCTi (means - s»\. 
Apparent JQ. derived by Scatchard iif mm! - 
ear analysis, was 96. 1 ± 6.1 pM {N «■ 3L fa : 
B«m was 03 ± 0U7 fmol/mg protein: mere u\js 
only a single doss or high-offinhy reecpufrs. 
( 5) Time dependence of total (□ ). nonspecific 
(A), and specific °I-EPO binding (•! TO 
MCTs (means i se). Binding, assessed ai n.25; 
0.5. 1. 2, 3, and 4 hours, reached a plateau ut 
approximately 2 hours. 



smooth muscle cells [44]. This response occurs via an 
EPO-R-operated Ca* + channel, which, in turn, is acti- 
vated by tyrosine phosphorylation of phospholipase 
Oyl- This mechanism may be an additional explanation 
for the ability of EPO to generate clinical hypertension. 
. In neuronal cells, EPO-Rs have been located and were 
found to increase intracellular calcium and protect 
against glutamate neurotoxicity [12, 13, 16, 45]. It ap- 
pears that some of the in vitro functions of EPO in Leydig 
cells, placental endothelial cells, and gastric epithelial 
cells are also found m vivo [11, 14, 153. 

Specific binding of EPO to cultured renal cells oc- 
curred to a single class of receptors and with relatively 
low Baa values, a pattern also found in erythroid progeni- 
tor and other nonerythroid cells [8]. Binding affinity was 



highest in MCTs (K* approximately 96 pM), intermedia - 
in HCTs (Ka approximately LI nM), and low in HMCDs 
(Kd approximately 13 nM). Serum levels of EPO under 
nonanemic and nonhypoxic conditions are between 5 
and 35 mU/ml, that is, in the low picomolar range [1]. 
These concentrations are well below the values we 
identified in cultured renal cells. Although not known, 
it appears conceivable that EPO concentrations in the 
interstitium of the renal cortical labyrinth, that is. i ' 
the immediate vicinity of EPO secreting and adjaceru 
tubular cells exceed those seen in the periphery. These 
higher local concentrations of EPO may, in turn, be 
sufficient to activate EPO-Rs in vivo. Furthermore, am- v f 
faient EPO concentrations in the kidney can be dramad- ; ' 
cally increased by tissue hypoxia or the administration j. 

. i 
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of recombinant EPO [1]. Under these arcunistan.pes. 
even if EPO-R-bmding affinities and surface exprefflion 
were as low as those found in this in vitro study. EPO-K 
activation could occur. An additional factor in this regard 
m • the surface distribution of EPO-Rs. Renal tubu- 
la. -lis. distinct from erythroid progenitor cells, grow 
in polarized monolayers. A large number of hormone 
and cytokine receptors in tubular cells are concentrated 
on their basolateral side [461. If EPO-Rs in tubular cells 
were likewise preferentially expressed in a basolateral 
distribution, their endocrine or paracrine, stimulation in 
vivo would be facilitated, whereas in vitro activauon may 
be difficult Under the latter culture conditions, apicaEy 
ad •' d EPO may not reach basolateiaUy located EPO-Rs 
i jcentrations sufficient to initiate a physiologic re- 
sponse.Tbese possibilities awah investigation. Hnany.tiie 
as yet undefined expression pattern and Egand-bmoing 
kinetics of the EPO-R in the kidney, whether regulated, 
constitutive/or altered by pathologic conditions, are ex- 
pected to modify biological responses to EPO further. 

We detected in murine proximal tubular cells two 
EPO-R imrounoreactive proteins of approximately 68 
and 90 kDa. respectively (Fig. 7). Hie cloned mnnne 
" .-R cDNA encodes a 55 kDa polypeptide, and the 
crO-R is post-translationally modified by N-linked gly- 
cosylate and phosphorylation, increasing its mass to 
78 kDa and above [47, 48]. The 68 kDa protein that 
\ve consistently detected inMCTs and in anemic mouse 



spleen was also found in.HCD 57 cells (not shown). This 
moiety of EPO-R has been previously described in the 
latter cells [22]. strongly suggesting that MCTs express 
this receptor protein as well. The fact that experimental 
anemia induced the expression of the 68 kDa ptotenu 
whereas it only modestly affected that of the 90 kDa 
protein, supports the notion that the former is likely the 
EPO-R. The exact nature of the 90 kDa protein requires 
additional investigation. 

The mitogenic response elicited by EPO was dose 
dependent and specific. It was. not unexpectedly.-less m 
magnitude than that elicited, by 10% .NCS (Fig. 8) and 
became most prominent after 46 hours of incubation, a 
pattern also observed when MCTs are stimulated with 
other growth factors [20]. Although it remains to be 
proven, it is conceivable that EPO stimulates mitogenesis 
in renal cells not only through its own receptor but 
also via as yet unidentified mediators or pathways. Such 
indirect action has recently been reported in vascular 
endothelial cells, in which EPO stimulates angiogenesis, 
at least in part, via induction of endothelin-1 synthesis 
[41, 42]. 

It is of note that cells of the neuronal type express 
EPO-Rs on their surface but fail to undergo mitosis when 
exposed to EPO [12]. Vascular endothelial and gastric 
mucosal cells, by contrast proliferate when exposed to 
EPO through mitogenic signals transmitted by its recep- 
tor, as well as through induction of endothelin-1 synthesis 
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Tfy &. DNA synthesis and cud prolttenitfon in response to EPO in 
(A) DNA synthesis in quiescent MCTs, assessed by PH]thymi- 
dine incorporation, was stimulated by EPO dose dependendy and sig- 
nificantly. Ten percent NCS served as positive conlroL +J> < 0 .05 com- 
pared with quiescent control cells (first cotaim). (B) Cell proliferation 
in response to EPO fa qniesceni MCTi. EPO Increased cefl ti umbers 
dose dependently and significantly (after 48 hours of incubation). Ten 
percent NCS served as positive control Abbreviations arc MCTs, mo- 
nne prmajnal tubule cells: EPO, erythrojwethi; NCS, newborn catf 
scram; SFM. serum free media; *P < 0.05 compared with quiescent 
control cells (first column). 



in the former [9, 10, 15, 40, 41]. Although we show thai 
EPO acts as a mitogen in renal cells, it is very unlikely 
that renal cells depend exclusively on EPO for their fa 
vitro or in vivo growth or survival. Erythroid proger itor 
cells, at certain stages, depend for growth and survival 
on EPO and hi addition on interleukin-3, lnsulm-liJ^ 
growth factor-I, stem cell factor, and other cytokines [], 
8, 49]. Some of tbe same growth factors, for example] 
insulin-like growth factor-I, but also epidermal growth 
factor and hepatocyte growth factor, act as mitogens and 
survival factors when the kidney is injured as in acute 
tubular necrosis [50). Following toxic or ischemic tubular 
injury, adaptive increases in cytokine or cytokine re- 
ceptor expression or the administration of renotrophic 
growth factors appear to aid the tubular repair process 
by stimulating cell proliferation and inhibiting apoptosis 
[50]. It is conceivable that EPO elicits analogous effects 
in acute tubular necrosis, as was suggested by Vaziri, 
Zhou and liao [37]. 

In summary, we have shown that cortex, medulla, and 
papilla of both human and rat kidney express species- 
specific EPO-R mRNAs. More specifically, autht 'tic 
EPO-R transcripts are expressed in HCTs and MCTs, 
HMCs, RMCs, and HMCDs. EPO binding occurs to a 
single class of receptors. EPO-R protein has been identi- 
fied in mouse proximal tubular cells, and in these. EPO 
stimulates DNA synthesis and cell proliferation, fn con- 
clusion! our data show that EPO acts in viao as a reno- 
tropic mitogen and that the expression of authentic 
EPO-R, a member of the cytokine receptor superfariiy 
[51], in renal tubular and mesangial cells and in, kic ey 
cortex, medulla, and papilla has allowed us to identify the 
critical system through which endocrine and paracrine 
actions of EPO may be elicited. Although its functions 
in vivo remain to be identified. EPO may play a role in 
renal development, cell survival, cell proliferation, cell 
migration, and differentiation. 
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i - >visuons used in this article arc: EGF. cjMlhclUI growth factor; 
J> EPO-R. erythropoietin receptor; HCT. hurnan 

^S'md tubule cells; HMC, human mesanginl cells; HMCD, hurnan 
^1 «necdaE Tduei cells; IGF, insulin-like growth faaorM CT. 
v^^^rceXlK MTT, 3-(4^hnethyltrtol-2-yl)-^^ 
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^Sinant human erythropoietin: RMC rat mewngiftl cells; RT- 
p2£ reverse traitfcriptlon-porymerasfi chain reaction. 
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INTRODUCTION 

During the past few years, our laboratory has investigated the erythropoietin 
receptor (EPOR) with regard to its structure-function relationships, role in develop- 
ment, transcriptional regulation, and the mechanism by which it conveys a signal 
upon interaction with its ligand. We began to focus on the EPOR as the result of 
three related developments. First, our recent studies indicated that erythropoietin 
(EPO) functioned as a viability factor rather than as an inducer of erythropoiesis. 1 
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Second, we isolated and characterized erythroid cell lines exclusively dependent 
on EPO. 2 Third, the EPOR cDNA was cloned and sequenced. 3 

Our suspicion that EPO may be primarily a permissive, viability factor ema- 
nated from our studies in a murine leukemia model. In the mid 1970s, Dr. Charlotte 
Friend 4 and others reported that the cells transformed by the spleen focus-forming 
virus (SFFV) had become blocked in erythroid maturation and independent of 
EPO. Toward understanding the abrogation of EPO requirements by these leuke- 
mic cells, we developed a direct hemopoietic precursor transformation system 
that would permit us to study, in vitro, virus-induced changes in the growth and 
differentiation of hemopoietic progenitors. 5 ■ 

Using this system we were surprised to find that erythroid cells transformed 
in vitro by SFFV were neither blocked in maturation nor EPO-independent. 6 These 
unexpected findings led us to test the generality of this new information in a variety 
of other primary transformants. We found that many oncogenes, including ras, abU 
mos, src and others, all conveyed a growth advantage to hemopoietic progenitors in 
the myeloid, erythroid, or lymphoid lineages. 7-9 Because we could isolate and 
examine the virally transformed hemopoietic cells in vitro, we learned that all 
the transformants, like the SFFV transformants, retained two properties of their 
uninfected counterparts. The transformed blood progenitor was capable of terminal 
differentiation, and they were still dependent on lineage-specific growth factors for 
their survival. Collectively, these in vitro results suggested that our preconceived 
notions that leukemia cells were hormone-independent (and therefore autonomous) 
and blocked in maturation (and therefore immortal) may have been wrong. 

Based on these observations, in 1983 we published an alternative model of 
transformation 10 in which we suggested that neoplastic transformation, either by 
viruses, chemicals, mutations, or unknown mechanisms, may produce cells that 
grow abnormally but nonetheless retain many properties of their normal counter- 
parts such as hormone dependence and the ability to differentiate. It was suggested 
that if this model were correct, then the retention of specific hormone dependence 
by cancer cells could be exploited for the development of new therapeutic ap- 
proaches to eradicate the tumor. Furthermore, the hormone sensitivity might also 
be useful in the detection, diagnosis, and staging of cancer. 

We therefore sought to test the in vivo validity of this model by examining 
the hormone sensitivity of an aggressive transplantable erythroleukemia in mice. 
Injection of newborn mice with the helper virus isolated from the Friend leukemia 
virus complex produces such a leukemia. 1 1 When we placed these erythroleukemic 
spleens into culture in the presence of a variety of hemopoietic hormones and 
growth factors, we observed that EPO was the only hormone that would support 
growth of these colonies. We had anticipated that EPO would merely stimulate 
proliferation and differentiation. However, we observed a dramatic "all or none'* 
effect. 12 In the absence of EPO, the cells died. In the presence of EPO, the cells 
thrived and proliferated but would not differentiate until another agent, hemin, 
was included in the medium. 13 These observations suggested that EPO may act 
primarily as a viability agent rather than as an inducer of differentiation. Conse- 
quently, our research focus turned from an investigation of the induction of ery- 
throid-specific genes by EPO to investigations of how and when the EPOR is 
expressed and of the new properties its expression conveyed to red cell precursors. 

The following progress report on our EPOR studies is presented in three 
categories: (a) descriptive studies in which we have quantified EPOR mRNA 
expression, EPO binding, and internalization; (b) experimental studies in which 
we have mutated the EPOR and used gene transfer technology to study receptor 
function in erythroid and nonerythroid cells; and (c) applied studies in which we 
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EpoR cDNA plasmid Competitor DNA plasmid 

118 bp 



ERl ER2 ER1 ER2 

284 bp PCR band 402 bp PCR band 

FIGURE 1. Construction of competitor DNA used for PCR quantitation of EPOR tran- 
scripts. First, the 5' portion of the EPOR cDNA ( - 10 to +423 bp relative to the translational 
start site) was cloned into the plasmid pBluescript II SK + (Stratagene) (left panel). Second, 
a 1 18 bp HaeUl digested fragment of phi X-174 DNA was cloned into an EcoKV site within 
the EPOR cDNA gene (right panel), the relative positions of the PCR primers ERl and 
ER2 and the size of their respective PCR products are as indicated. 



have attempted to develop antihormone therapies for leukemias by interfering 
with ligand-receptor interactions. 



DESCRIPTIVE STUDIES 
Detection and Quantitation of EPOR Transcripts by PCR 

In our initial studies, we sought to define the time course of EPOR expression 
at the transcriptional level during erythroid cell development. For this purpose, 
we used a polymerase chain reaction (PCR) quantitative assay 14 that we tailored 
for detection and quantitation of EPOR transcripts. To define primer sequences 
that would specifically amplify the EPOR transcripts, we cloned and sequenced 
the gene for the human EPOR. 15 From these sequences, we designed primers, 
ERl and ER2 (Fig. 1), that when tested, allowed detection of EPOR transcripts 
in erythroid cells such as OCIM-1, 16 TF-l, 17 K562, 18 and peripheral blood mononu- 
clear cells but not in nonerythroid cells such as HeLa 19 and kidney. Next, we 
devised a competitive PCR assay for quantitation of EPOR transcripts 20 (manu- 
script in preparation). In brief, we constructed a sequence of DNA that would 
compete for the EPOR primers, ERl and ER2, with the mRNA-derived cDNA. 
This was done by inserting unrelated sequences derived from phi X-174 bacterio- 
phage into a fragment of the cloned human EPOR cDNA (Fig. 1). When this 
competitive fragment was included in the reaction mixture along with the mRNA- 
derived cDNA, we could observe two bands of different sizes representing DNA 
fragments amplified from mRNA transcripts and competitor DNA. By quantitating 
the radioactivity incorporated into each of these bands, we could precisely define 
the number of copies of competitor that was necessary to compete out the mRNA- 
derived cDNA. This allowed us to calculate the absolute number of copies of 
EPOR transcripts per microgram of cellular RNA. 

Figure 2 demonstrates that this technique was sensitive enough to reproduc- 
ibly quantitate the number of EPOR transcripts, even in peripheral blood mono- 
nuclear cells in which the number of erythroid progenitors is very low. The absolute 
number of copies of EPOR mRNA in normal blood was determined to be 
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approximately 6 x 10 3 per microgram of RNA. When measured in an erythroid 
cell line, OCIM-1 , the number of transcripts was approximately 1000-fold higher. 
By comparison, no transcripts were detected in HeLa cells that were nonerythroid. 
Therefore, this assay is both sensitive and specific and should allow us to study 
EPOR expression during erythropoiesis in cell culture, developing tissues, and 
clinical samples. Furthermore, we suggest that various hemopoietic progenitors 
may be detected and defined on the basis of specific cytokine receptor transcripts. 
We call this the receptor transcript phenotyping (RTP). In addition to distinguishing 
various populations of normal hemopoietic cells, this RTP assay may be particu- 
larly valuable in defining leukemia types and subtypes that are now classified 
primarily by immunophenotyping. It follows that the receptor proteins, encoded 
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1 2 3 4 5 6 7 8 9 10 11 12 1314 15 
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NORMAL BLOOD 1 NORMAL BLOOD 2 




COMPETITOR CONCENTRATION COMPETITOR CONCENTRATION 

(COPY NO.) (COPY NO.) 



FIGURE 2. Absolute quantitation of EPOR RNA in normal peripheral blood. A: PCR 
reactions using primers ER1 and ER2 (lanes 2-15). Template DNA used was either no DNA 
(lane 2), 10 6 copies of competitor plasmid alone (lane 3), or cDNA reverse transcribed from 
peripheral blood from one of two normal individuals either alone (lanes 9 and 15) or in the 
presence of decreasing amounts of competitor plasmid (from 10 6 to 10 2 copies by log incre- 
ments, lanes 4-8 for individual 1 and lanes 10-14 for individual 2). B: Diagram of counts 
per minute ("P) present in PCR products generated in A. 
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by such transcripts, provide reasonable targets for lineage-specific approaches to 
antileukemia therapies. 



Characterization ofEPO Binding, Internalization, and Response in an 
EPO-Dependent Erythroid Cell Line (HCD Cells) 

As discussed above, the erythroleukemia cells derived from virally infected 
animals remained hormone dependent in vitro. From these cells, we were able to 
develop permanent cell lines (HC cells and their clonal derivative HCD cells), 




Trypan Btuft-Exduilon Assay 



MTT Assay 




0.001 



0.01 0,1 
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OjOOI 



0-01 0.1 
Concentration of Epo (U/ml) 



FIGURE 3. Effect of EPO on proliferation of HC cells as measured using four assays: 
[ 3 H]thymidine uptake, cell count, Trypan blue exclusion, and MTT (3-(4,5-dimethylthianon- 
2-/ J t,L)-2,5-diphenyl tetrazolium bromide) reduction. HC cells were suspended in medium 
containing IMDM, 30% FBS, and 5 x 10" 3 M B-mercaptoethanol at a density of 250,000 
cells/mL and dispensed into 96- well plates (0.1 mL/well). EPO concentrations varied from 
•001 to 1 U/mL in 1/2 log increments as indicated. EPO was added to triplicate wells for 
each concentration, and then cells were incubated for 72 hours at 37°C prior to assay. 



which have been maintained for over three years in our laboratory. 2 These cells 
retain an absolute dependence on EPO and exhibit an exclusive and extraordinary 
sensitivity to the hormone. The response to the hormone can be assayed in a 
number of ways. For example, as shown in Figure 3, one can assess the effect 
of EPO on HC cells by tritiated-thymidine uptake, 21 MTT 22 proliferation assays, 
total cell counts, and, importantly, by assessing the number of viable cells using 
Trypan blue exclusion. Thus, as shown in Figure 3, if no EPO is added there 
are few, if any, viable cells after three days in culture. If, on the other hand, 
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increasing amounts of EPO are added, one sees increasing numbers of viable cells. 
It was this data that first suggested that a primary role of EPO may be as a survival 
factor rather than an inducer of erythroid differentiation. 

The HC cells have been very useful in studying details of the EPO response. 
For example, Spivak and his colleagues 23 have synchronized these cells and studied 
EPO-induced phosphorylation and proliferation in relation to cell cycle. In another 
study, Ruscetti et a/., 24 demonstrated that the need for EPO could be abrogated 
in HC cells by superinfection with the spleen focus-forming virus. Interestingly, 
the phosphorylation pattern was quite different from that induced by EPO. Finally, 
Sawyer 2 * and his colleagues have extensively characterized the binding of radioac- 
tive EPO to HCD cells. We believe that these studies have identified the biologi- 
cally active form of the EPOR. Briefly, we deprived the HCD cells of EPO, which 
caused a tenfold accumulation in the number of binding sites. Surprisingly, the 
previously characterized 62-66 kDa form of the EPOR 26 did not change upon 
starvation and refeeding. However, a 78 kDa highly glycosylated form, not pre- 
viously recognized, correlated precisely with the biologic activity, the accumula- 
tion upon starving, and the disappearance of binding sites upon refeeding. The 
78 kDa form of EPOR was exclusively. phosphorylated on tyrosine. Perhaps the 
most significant observation was that the phosphorylation, internalization, and 
down-regulation of the receptor all occurred over only a 20-30 minute period after 
EPO addition. Therefore, it may be appropriate to view the EPO stimulus response 
as a circumscribed phenomenon that occurs in minutes rather than in hours. The 
long-term EPO effects 27 (e.g. , hemoglobin synthesis or other differentiation event) 
that require prolonged exposure to EPO could be considered as sequelae to the 
initial ligand-receptor interaction. Alternatively, these long-term (2-3 day) re- 
sponses may emanate from the cumulative effect of many successive individual 
responses. 



EXPERIMENTAL STUDIES 

Gene-Transfer Studies of Wild-Type and Mutated Human EPOR in 
Nonerythroid Cell Lines 

In an effort to learn more about the function of the EPOR, we have initiated 
gene-transfer studies of both the wild-type and a series of mutated human EPOR 
genes. The first mutation we analyzed was a change in amino acid 129 from Arg 
to Cys 28 (manuscript in preparation). We transfected both the human wild-type 
and mutated EPOR into an IL-3-dependent myeloid cell line, 32D, and isolated 
stable transformants (32D-HER and 32D-MHER, respectively). We subsequently 
characterized these cell lines in terms of their response to EPO for proliferation, 
tyrosine phosphorylation, and differentiation. As shown in the top panel of Figure 
4, 32D cells that expressed the wild-type EPOR were no longer dependent upon 
IL-3 and exhibited a dependent proliferation response to EPO. As seen in the 
bottom panel of Figure 4, 32D cells that expressed the mutated EPOR were 
rendered factor independent. In addition to this proliferative response, both wild- 
type and mutated EPOR conveyed to the 32D the ability to carry out a specific 
pattern of tyrosine phosphorylation in response to EPO (data not shown). Mock 
transfected cells do not respond to EPO. When we compared the phosphorylation 
banding pattern induced by IL-3 and EPO in these cells, ligand-specific substrates 
were observed, although certain proteins were phosphorylated in response to 
either cytokine. One of the EPO-specific phosphorylation substrates was identified 
as the EPO receptor itself. Further downstream components of the EPO signal 
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[Epo] in U/ml 




FIGURE 4. MTT proliferation assay of 32D cells stably transfected with wild-type (32D- 
HER) (top) or mutated EPOR (32D-MHER) (bottom). Assays were performed as described 
in the legend for Figure 3. 
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transduction pathway are currently being investigated in our laboratory. It should 
be noted in passing that we have not observed any evidence that the EPOR can 
support erythroid differentiation in the transfected 32D cells. 

We also tested the effect of EPOR in 32D cells on granulocyte-colony stimulat- 
ing factor (G-CSF)-induced differentiation. Perhaps the most interesting result 
observed in these gene transfer studies was that G-CSF-induced differentiation 
of 32D cells was inhibited by the EPOR if EPO was present. As shown in Table 
1, differentiation, as indicated by myeloperoxidase staining and Wright-Giemsa 
staining of segmented nuclei, was induced by G-CSF in the 32D cells. Upon 
transfer of the wild- type EPOR into these cells, the G-CSF inductions remained 
intact. However, when EPO was added to the 32D cells expressing the EPOR, 
G-CSF did not induce these two markers of myeloid differentiation. As expected, 
EPO did not block G-CSF induction in control, mock transfected, 32D cells. This 
result may suggest competition by these two growth factors, EPO and G-CSF, at 
the cell membrane level, at the intracellular signal transduction pathway level, or 
at the gene activation level. Alternatively, EPO might trigger the down-regulation 
of the G-CSF receptor. Studies are now in progress to further explore the interac- 
tion of these two regulatory pathways in 32D cells. 



TABLE l. Assay for Neutrophilic Differentiation Induced by G-CSF 





Growth 


Myeloperoxidase 


Segmented Nuclei 


Cells 


Factors 


Staining 


Staining 


32D 


G-CSF 


Yes 


Yes 




EPO + G-CSF 


Yes 


Yes 


32D-HER 


G-CSF 


Yes 


Yes 




EPO + GCSF 


No 


No 



Gene-Transfer Studies of Mutated EPOR in Primary Hemopoietic Cells 

As discussed above, expression of the mutated EPOR in myeloid cells in culture 
abrogated their IL-3 dependence. This led us to speculate that upon infection of 
primary hemopoietic cells (/.e., from bone marrow, spleen, or fetal liver), one might 
observe the abrogation of growth factor requirements in a number of lineages. That 
is, the mutated EPOR might lead to the production of growth factor-independent 
myeloid, lymphoid, and erythroid colonies. To address this subject, we tested the 
ability of a constitutively activated murine EPOR 29 to alter the growth requirements 
of primary hematopoietic precursors that terminally differentiate in culture. 30 Two 
recombinant retroviruses expressing the mutated EPOR were used to infect fetal 
liver cells that served as a source of hematopoietic progenitors. Methylcellulose 
cultures were incubated in the absence of any growth factor or in combination 
with selected growth factors. In contrast to the cell line* studies, in which erythroid, 
lymphoid, and myeloid cells were rendered factor independent by the mutated 
EPOR, 31 only factor-independent erythroid cells were observed in the primary 
cultures. Specifically, the mutated EPOR completely abrogated the EPO require- 
ment of erythroid colony-forming units to form erythrocytes after 2-5 days in 
culture and did not interfere with the differentiation program of these cells. How- 
ever, in the absence of growth factors, the mutated EPOR did not enhance the 
growth of erythroid burst-forming unit development. (Erythroid burst-forming 
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units are descendants of progenitors from an earlier stage of the erythroid cell 
lineage than erythroid colony-forming units.) 

At least two conclusions can be drawn from these results. First, in primary 
cells, the EPOR was functional only in the erythroid progenitors. Perhaps only 
erythroid progenitors express specific proteins that interact with the EPOR to 
render it ftmctional (i.e., partner or chaperon proteins). Second, the apparent 
action of the constitutively activated EPOR was not only restricted to the erythroid 
lineage but it was also restricted to a relatively narrow window in the erythroid 
lineage. Thus, this assay system may not only allow one to rapidly assess the 
function of cloned receptors, but it may also help to define the temporal importance 
of these receptors during development. 



APPLIED EPOR STUDIES 

As a result of our observation that certain leukemia cells retained hormone 
sensitivity, we have begun to examine whether such leukemias might be controlled, 
suppressed, or eradicated by interfering with hormone-receptor interactions,* 
Table 2 lists five such approaches that we are currently investigating using the 
EPO-dependent erythroleukemias as a model. To give one example of our current 
studies, we have recently explored the possibility of using the ligand-binding 
portion of the EPOR to inhibit EPO action. Accordingly, we have synthesized, 
in collaboration with Linda Mulcahy and Linda Jolliffe at the Robert Wood Johnson 
Pharmaceutical Research Institute, the exoplasmic domains of the several variants 
of murine and human erythropoietin receptors. This "soluble" receptor binds 
EPO and is clearly capable of inhibiting EPO-dependent viability and proliferation 
in the HC cells (Fig. 5). We are currently testing the activity of the soluble receptor 
in animals to determine its effect on normal and malignant erythropoiesis in vivo. 



SUMMARY 

In this paper we have discussed our recent progress on understanding the role 
of the EPOR in erythroid development. The major suggestions stemming from 
our studies are that (1) the EPOR conveys viability and/or proliferation but does 
not induce erythroid differentiation; (2) EPO-dependent cell lines (HC cells) 
provide a useful model for studies of the interaction of EPO with its receptor; (3) 
a highly glycosylated 78 kDa protein on the cell surface appears to be the mature, 
biologically active form of the EPO receptor; (4) the EPOR, when activated by 
ligand binding, may inhibit the induction of myeloid differentiation by G-CSF; 
and (5) the hormone sensitivity of leukemia cells may be exploited for the develop- 
ment of new approaches to target and deliver drugs that specifically control the 



table 2. Antihormone Approaches to Cancer Therap y 

• Radiolabeled hormone 

• Soluble receptor 

• Hormone analogues 

• Hormone/receptor antibodies 
* Hormone-toxin conjugate 
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FIGURE 5. Inhibition of EPO-dependent proliferation of HC cells by soluble EPOR. The 
effect of increasing concentrations of soluble EPOR on HC cell counts (upper panel) and 
viability as measured by Trypan blue exclusion (lower panel) after incubation for 72 hours 
at37°C. 



growth of leukemia cells. In particular, a soluble form of EPOR bound EPO and 
inhibited EPO-dependent growth in vitro. Therefore this approach may also be 
useful as an antihormone therapy for erythroid leukemia in vivo. 
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DISCUSSION OF THE PAPER 

Alan D. D' Andrea (Dana-Farber Cancer Institute, Boston, MA): One of the 
things that came out of this session for me is that early in development certain 
growth factors like activin A seem to have a very broad impact or very broad 
effect on mesoderm induction. But as we will be seeing tomorrow for instance, 
from John Yu's talk, activin A has a pretty confined effect on erythropoiesis and 
erythroid differentiation, which is obviously in a more differentiated organism. 

Eugene Goldwasser (The University of Chicago, Chicago, IL): Perhaps I 
could tell you the results of one experiment that obviously needs confirmation. 
We made an M-CSF ricin A chain conjugate. We incubated that with marrow 
cells and then scored for erythroid bursts after adding EPO, and we pretty much 
wiped out burst formation, which would suggest that the early cells, the burst 
former or its precursor, had CSF receptors. The reciprocal experiment, which 
would be more interesting from my point of view, is a little hard to do because 
the conjugate formation isn't nearly as simple as it is with the CSFs, but we're 
.clearly working in that direction. 

Mark J. Koury (Vanderbilt University, Nashville, TN): I have a couple of 
questions. With regard to the receptor transcripts in the peripheral blood, those 
preparations, it seems to me, are not from the front end. You could be looking 
at the back end. That is perhaps a ceD that was nucleated or even more likely a 
reticulocyte that was in your preparation. Isn't that possible, so that it's actually 
a very late-stage cell after it has been through, rather than on a precursor. Is that 
possible? It seems to me that's a likely cell to be out there; there's a lot more 
reticulocytes than there are erythroid precursors floating around. 

W. David Hankins (The Johns Hopkins University School of Medicine, Balti- 
more, MD)\ By putting peripheral blood cells in culture and doing the right kind 
of things, you can get erythroid precursors to develop, so we know that there are 
some CFU-E and BFU-E cells there, but their numbers are very low. I think it 
would be wonderful if we were able to pick up the message, whatever it means, 
and then you could begin to answer your question. Has anyone actually shown 
whether reticulocytes have the EPO receptor? 

Koury: I wasn't sure myself. 

Goldwasser: They don't have receptors, but they might be decaying off, and 
the cells may have some message left in them. 

Koury: Yes,, that's what I was thinking. I'm talking about the message, not 
the receptor itself. 

Hankins: The message would have a very short half-life, but again it doesn't 
really matter if they are reticulocytes or CFU-E. I think that this assay may 
provide one with a way to begin to look at those kinds of things. 
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Koury: The other question was about the 32D competition. I couldn't follow 
how you selected for those cells after the EPO-R transfection. 

Hankins: We selected for them first of all by G418, so we put on a selectable 
marker and selected cells. Then we checked them to see whether they had the 
EPO receptor, the way I talked about, and made sure they had the human receptor. 
It was at that point that we started growing them in IL-3 and then adding EPO 
the same way Alan D'Andrea did. We added G-CSF either in the presence or 
absence of EPO. And what we're interested in doing, of course, is adding G-CSF 
and then asking if you can block it at various points down the pathway by add- 
ing EPO. 

Anna Rita Migliaccio (Lindsley F. Kimball Research Institute, New York, 
NY): When an EPO receptor was transfected in a GM-CSF-responsive cell line 
(FDCP-1), it suppressed the number of GM-CSF receptors expressed on the 
surface (Quelle and Wojchowski, Proc. Natl. Acad. Sci. USA 88: 4801-4805. 
1991). In that case, it was shown that the EPO receptor on the cell surface 
down-modulated the number of GM-CSF receptors on the surface. Have you any 
evidence that GM-CSF binds to these cell lines? 

Hankins: No, I don't, but there's an excellent possibility. It may do something 
to the receptors, it may compete at the phosphorylation pathway, or it may favor 
proliferation over differentiation. We have a lot of things to work on. 

D' Andrea: Along those lines, Quelle and Wojchowski (Proc, Natl. Acad. Sci. 
USA 88: 4801-4805. 1991) have shown that when you stimulate the EPO receptor 
you down-regulate the cell-surface expression of the GM-CSF receptor. I think 
that cell-surface expression is very important, because what you are saying is that 
when you add EPO to these cells you are getting down-regulation of the cell- 
surface G-CSF receptor. 

I've been very struck by these early bursts that you see with FVP. Are the 
5-day bursts from the FVP the same size as the 10-day bursts that you see with 
EPO? Doesn't this suggest that FVP is infecting a later cell? In fact, are you 
getting your bursts quicker? 

Hankins: I'll try to give you a short answer to that. We spent a long time in 
Nashville trying to identify the target cell for SFFV. The target cell turned out 
to be a 5-day or intermediate BFU-E, and not one of those early ones that you 
are talking about, the 10-day or 8-day BFU-E. 
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INTRODUCTION 

During the past few years, our laboratory has investigated the erythropoietin 
receptor (EPOR) with regard to its structure-function relationships, role in develop- 
ment, transcriptional regulation, and the mechanism by which it conveys a signal • 
upon interaction with its ligand. We began to focus on the EPOR as the result of 
three related developments. First, our recent studies indicated that erythropoietin 
(EPO) functioned as a viability factor rather than as an inducer of erythropoiesis. 1 
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To study the existence of the erythropoietin receptor (Epo-R) mRNA in brain capillary endothelial 
cells , the reverse i transcription (RT) PCR was performed using total RNAs from rat brain capillary endo- 
Uiehal cells (RBECs) and MBEC4, which is one of the established mouse brain capillary endothelial cell 
lines. Southern analysis of the RT-PCR products indicated that both RBECs and MBEC4 expressed an 
authentic form of Epo-R mRNA as a minor form and an intron-5-inserted form of Epo-R mRNA. thus a 
soluble form of Epo-R mRNA, as a major form. Furthermore, the effect of recombinant human erythropoi- 
etin (rHuEpo) on the DNA synthesis in RBECs was analyzed rHuEpo showed a dosc-dependent mito- 
gens action on RBECs as a competence factor. Radioiodinatcd rHuEpo was bound specifically to RBECs 
with time, cell number and dose dependencies. Binding studies with '-'I-rHuEpo showed that RBECs had 
a single class of receptors with low-affinity <K A = 860 pM) and that the number of sitcs/ccJi (10300) was 
abundant. These results suggest that brain capillary endothelial cells express not only an authentic form 
of bpo-R but also a soluble form of Epo-R and that erythropoietin acts directly on brain capillary endothe- 
lial cells as a competence factor. 

Shdfal ce»s irt>POietin; rCCOmblnam human erythropoietin; erythropoietin receptor; brain capillary 



Hypoxemia resulting from lung and heart diseases, anemia 
and high-altitude residence induces a series of modifications in 
the mammals. As an adaptation mechanism to hypoxia, mam- 
mals increase the number of the capillarics/ussue mass [1J and 
the erythrocytes in the blood [2] to maintain an adequate 0, 
delivery. 

Erythropoietin (Epo) is a serum glycoprotein hormone re- 
quired for survival, proliferation, and differentiation of commit- 
ted crythroid progenitor cells and its production is accelerated 
in the kidney by hypoxia [3-51. Recently, it has been reported 
that Epo may act on such non-erythroid cells as endothelial cells 
16-9J, smooth muscle cells 110], B lymphocytes 111 J. rodent 
placenta cells [12], embryonic stem cells f 13. 14], megakaryo- 
cytes [151, and cells with neural characteristics (PC12 cells and 
SN6 cells) | I6J in addition to erythroid progenitor cells and that 
Epo mRNA and Epo receptor (Epo-R) mRNA express in mouse 
brain |17J. In vitro experiments have shown that recombinant 
human Epo (rHuEpo) has a proliferative and a positive chemo- 
tactic effect on human umbilical vein endothelial cells (HU- 
VECs) and bovine adrenal capillary endothelial ceils (6). in- 
creases cndothehn-1 release in bovine pulmonary artery endo- 
thelial cells [8] and stimulates angiogenesis in rat thoracic aortas 

Corrrxpoiidfttce to V. Nakano. Department of Applied Biological 
Chemistry. Osaka Prefecture University, Sakai. Osaka. Jaoan 593 
Fax: +81 722 50 7318. ^ 
Abkrtnatum*. Epo, erythropoietin; rHuEpo, recombinant human 
Epo, Epo-R. Lpo receptor; sEpo-R. soluble form of Epo-R; afcpo-R. 

uMvcr? l m ° f EV ?? [ RBEC * rar «P« ,ar y enuothelial cells: 
HUVECs. human umbilical vein endothelial cells; bFGF. basic fibroblast 
f?^**" 0 !? RT ! >CR * averse-transcription polymerase chain reaction; 
DMEM Oulbccco s modified Eagle's medium; MEM, minimum csscn- 
lial medium ; NaCI/P„ phosphate-burTcrcd saline 



[9]. Although these results suggest that Epo may function as an 
angiogenic factor for adapting to hypoxia, after embryogenesis. 
angiogenesis proceeds by the growth of new capillary vessels 
from an established microvasculature following stimulation by 
various physiological or pathological processes [18, 19|. 
Furthermore, the mean micro vessel density increases in brain 
1 20] and no new capillaries develop in muscle [21] under hyp- 
oxic conditions such as exposure to high altitudes, implying that 
capillary endothelial cells from various tissues each has specific 
characteristics. 

HUVECs express Epo-R mRNA |7|. In the present study, 
we use rat brain capillary endothelial cells (RBECs) and 
MBEC4, which is one of the established mouse brain capillary 
endothelial cell lines 122|, to analyze the existence of Epo-R 
mRNA in brain capillary endothelial cells, which have been 
thought to be associated with angiogenesis under hypoxic condi- 
tions, and provide evidence that both RBECs and MBEC4 ex- 
press two forms of Epo-R mRNA, an authentic form (aEpo-Ri 
and a soluble form (sEpo-R). Furthcrmprc, we report thai 
rHuEpo acts directly on RBECs as a mitogenic factor with com- 
petence activity and that RBECs have a single class of Epo-R 
which are abundant compared to those in crythroid progenitor 
cells. 



MATERIAL AND METHODS 

Materials. Epo used throughout the present experiments was 
rHuEpo (200000 lU/mg) kindly provided by Kirin Brewery 
(Cunma, Japan). The following materials were purchased from 
the indicated sources: Dulbecco's modified Eagle's medium 
(DMEM). minimum essential medium (MEM) and Hanks' solu- 
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don. Nissui Pharmaceutical Co.; fetal calf serum, reverse tran- 
scriptase (Superscript If RNase H") and human transferrin. 
Gibco: pGEM-T vector, Promega; collagenase, Waxo Pure 
Chemical Industries; dextran T70, Percoll and Sephadex G-25 
(NAP 10 column), Pharmacia Biotech; Taq DNA polymerase. 
Toyobo; bovine insulin, Sigma; basic fibroblast growth factor 
(bFGF). Intergen Inc.; lodo-gen (t.3A6-tctracWoro-3a,6o-di- 
phenylglycouril). Pierce; f'Hlthymidirtc and Na IM I, New Eng- 
land Nuclear. 

Isolation and culture of RBECs. RBECs were isolated 
from 7-week-old male Wtstar rat brains with 0*5% collagenase 
in Hanks* solution with minor modification of the method de- 
scribed by Bowman ct al. [23]. Briefly, the aseptically removed 
five brains were rinsed several times with sterile ice-cold phos- 
phate-buffered saline (NaCl/P,: 137 mM NaCl, 2.68 mM KCI, 
8.1 mM Na a HP0 4 , 1.47 mM KH 2 P0 4 , pH 7.4), cleaned of me- 
ninges, and minced into 1 -2-mm pieces in 2-3 ml DMEM sup- 
plemented with 5% fetal calf serum. These were incubated in 
15 ml Hanks* solution containing 0.5% collagenase at 37 °C for 
1.5 h with shaking, followed by the addition of 15 ml DMEM 
containing 10% fetal calf senim to stop the enzymatic reaction, 
and centrifuged at 400X* for 3 rain. The pellet was suspended 
with 15 ml MEM containing 13% dextran T70 and centrifuged 
at 6000x£ for 10 min. The pellet was suspended in Hanks* solu- 
tion containing 0.5% collagenase, incubated at 37°C for 20 min 
with shaking to remove the pericytes and the basement mem- 
brane and then passed through a 100-um nylon mesh. The 
filtrate was passed through a 50-um nylon mesh and rinsed with 
DMEM containing 5% fetal calf serum. The 50-um nylon mesh 
which was used to trap the capillary segments was placed upside 
down in the petri dish and rinsed out with the same medium to 
place the segments into the dish. After ccntrifugation at 400x# 
for 3 min, the pellet was suspended in 2 ml DMEM supple- 
mented with 10% fetal calf scrum. Percoll gradient was prepared 
as follows: nine parts Percoll were mixed with one part 1.5 M 
NaCl and ten parts MEM. Percoll gradients were established by 
ccntrifuging at 27 000 x g f or 1 h and the suspended pellet was 
layered over 7-ml Percoll gradients and centrifuged at 500x* 
for 10 min. The band containing capillary fragments and clumps 
of cells were transferred to another fresh tube and rinsed with 
DMEM containing 10% fetal calf serum by ccntrifuging at 
400Xfl for 2 min to remove Percoll. The pellet was suspended 
in DMEM supplemented with 20% fetal calf scrum, seeded into 
dishes coated with collagen (type I) and cultured at 37 °C in a 
5% COa/95% air atmosphere at 100% humidity. The cells were 
subcultured by trypstnization using NaCl/P, containing 0.25% 
trypsin and 0,02% EDTA. Endothelial cell identity was con- 
firmed using rabbit antiserum to human-factor- V Ill-related 
antigen (Dako Japan Co.) and by incorporation of fluorescent 
l,^-dic<nadecyl-3 > 3.3^3'-tetraethylindoca^bocyanine perchlorale 
acetylated low-density lipoprotein (Biomedical Technologies). 
The cells from passage 4 were used in the present study. The 
buffers and media used for isolation and culture of capillary en- 
dothelial cells contained amphotericin B (250ug/ml), sodium 
deoxycholate (205 ug/ml) and gentamicin sulfate (50 ug/ml). 

Cell culture. MBEC4 was maintained in DMEM supple- 
mented with 10% fetal calf serum and antibiotics under a hu- 
midified atmosphere containing 5% CO,. MBEC4 was seeded 
into the collagen-coated dishes. 

Primers. The nucleotide sequences of the primers are based 
on the published sequence of the rat Epo-R [16]. The primers 
used are summarised in Tabic 1 and their locations are shown 
in Fig. 1 . 

Probes. Total RNA was prepared from phcnylhydrazine- 
treaicd rat spleen by the acid guanidium thiocyanate/phenol/ 
chloroform extraction method [241. The rats were injected intra- 



peritoneally with 15 mg/ml phenylhydra2ine (40 mg/kg) twice at 
one-day intervals. Next day after the last injection, the spleen 
was removed. The Epo-R cDNA fragments were obtained with 
the reverse transcription (RT) PCR method using the following 
primer combinations: (a) primers RE1 and RE7 and (b) RE6 
and RE8. The regions amplified with these primers cover the 
whole coding region of the Epo-R cDNA. The first-strand Epo- 
R cDNA was synthesized using 20 ug heat-denatured RNA, 
0.5 ug oligo(dT) primer, 10 mM dithioihreitol, 50 U RNase in- 
hibitor from human placenta, 1 mM dNTP and 200 U reverse 
transcriptase in a volume of 25 ul. The reaction was performed 
at 48°C for 60 min. The PCR of 0.5 ul of the synthesized first- 
strand cDNA was performed using 200 uM dNTP, 500 nM each 
of primers RE1 and RE7 or RE6 and RE8 and 2.5 U Taq DNA 
polymerase in a volume of 100 ul and using a programmed 
thermo-controllcr (PC- 700, Astec Co. Ltd, Japan) programmed 
with the following conditions: 5 min at 94 °C followed by 30 
cycles of 1 min at 94 °C, 2 min at 55 °C. 1 min at 72°C. followed 
hy a single extension of 10 nun at 72 °C. Each RT-PCR product 
cloned into pGEM-T vector was sequenced and identified to be 
the Epo-R cDNA fragment targeted (903 bp for primers RE) 
and RE7 and 740 bp for primers RE6 and RE8). The EcoKh 
digested fragments of the cloned RT-PCR products were labeled 
with digoxigcnin-ll-dUTP using the DIG DNA labeling kit 
(Bcehringcr Mannheim) according to the manufacturer's instruc- 
tions. The labeled Epo-R cDNA fragments (903-bp fragment 
and 740-bp fragment) were used as probes A and B, respective- 
ly, in the present study. 

Detection of Epo-R mRNA. Total RNAs from RBECs and 
MBEC4 were prepared and the first strand cDNAs were synthe- 
sized as described above. The PCR was performed according to 
the above program using the following primer combination: (a) 
primers El and E7A. (b) primers E5 and E7B, (e) primers E5 
and E6A and (d) primers E6B and E8. The amplified products 
were detected by Southern blotting using the digoxigenin-la- 
beled rai Epo-R cDN A fragment, probe A or probe B. 

DNA synthesis. The mitogenic effect of rHuEpo was deter- 
mined by measuring |'H 'thymidine incorporation into the DNA 
of RBECs cultured in the collagen-coated 12-weII plates. The 
cells were plated at a concentration of 3.0X 10' cells/well in 
900 Ml DMEM supplemented with 20tt fetal calf serum and cul- 
tured for 24 h. The medium was removed and the cells were 
rinsed twice with MEM. The cells were incubated in the scrum- 
free medium composed of MEM supplemented with either insu- 
lin (5 mg/1), transferrin (5 mg/l) and seleninus acid (5 ug/1) or 
transferrin (5 mg/l) and selenious acid (5 ug/1) for 24 h to make 
them quiescent. The medium was replaced "with serum-free me- 
dium containing various concentrations of rHuEpo or bFGK 
which were dissolved in NaCl/P, containing 0.1 % BSA, and the 
cells were incubated for 20 h. NaCl/P, containing 0A% BSA 
was added to the medium for control cells. Subsequently the 
cells were pulsed with 0.1 pCi/ml THjihymidine. After a 4-h 
incubation period, the cells were rinsed twice with 2 ml ice-cold 
NaCl/P„ incubated with 1 ml ice-cold 10tf trichloroacetic acid 
at 4°C for 20 min and subsequently rinsed twice with 1 ml ice- 
cold 8% trichloroacetic acid. The trichloroacetic-ac id- insoluble 
material was solubilized with 700 ul 2 M NaOH and the radio- 
activity was determined by standard liquid scintillation spectro- 
mctric techniques. 

lodination of rHuEpo. rHuEpo was labeled with ,J? I using 
lodo-gen: 10 ug lodo-gen in chloroform was coated onto the 
wall of a conical vial by incubation at 40°C. After the vial was 
rinsed with 0.2 M sodium phosphate pH 7.0. 03 mCi Na ,Z5 I and 
0.2 M sodium phosphate were added to the vial in a volume of 
20 ul and incubated for 2.5 min at room temperature. The mix- 
ture was removed from the reaction vial and transferred to a 
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Table 1. Oligonucleotide primer* used Tor amplification or fcpo-R 
cDNA. The primer sequences correspond lo the nit Epo-R cDNA se- 
quence (16J. The underlined sequences in the primers REI. RE7A. 
RE7B and RES were designed for EcoRl restriction sites. 



Primer Primer sequence*: 5' to 3' 



Position (bp) 



REI AAGAATTCATGGACCAACTCAGGGTGGCCC 1-22 

RE6 CCGAATTCC ACTGTTGCTGACTGTGCTGGC 785-806 

RE7 TGGAATTCA C CCTTGTGQGTGGTGAAG AG A 903-882 

Rli8 CTGAATTCC TAGGAGCAGGCCACGTAGCTG 1524-1503 

El ATGGACCAACTCAGGGTGGCCC 1 - 22 

E5 TGAGTOTGTCCTGAGCAACCT 606-626 

E6A GACGAGAATGAGAGACAGCGT 777 - 757 

K6B CACTGTTOCTCACTGTGCTGGC 785-806 

E7A ACCCTTGTGGGTCCTGAAGAGA 903-882 

E7B TCATTCTCTGGGCTTGGGATG 872-852 

E8 CTAGGAGCAGGCC ACGTAGCTG 1524-1503 



tube coniaining 3.6 pi rHuEpo (1.4 mg/ml). After incubation for 
10 min at room temperature. 81.4 ul NaCI/P, containing 20 mg/ 
ml of KI and 6% BSA wan added. ,25 l-rHuEpo was separated 
from free ,,5 l by chromatography on a Sephadex G-25 CNAP 
10) column (1.3X2.6 cm) equilibrated with NaCl/P, coniaining 
0.1 % BSA. The biological activity of ,ri I-rHuEpo was assayed 
by utilizing its stimulatory effect of the incorporation of 
[ 'HJthymidine into DNA of spleen cells from phenylhydrazine- 
treatcd mice according to Sasaki ct al. [25]. The specific radii>- 
activity of ,31 l-rHuEpo was estimated to be 1600Ci/mmol and 
'-l-rHuEpo retained full biological activity. 

Binding of radioactive rHuEpo to RBECs. RBECs were 
cultured in the collagen-coated 35- mm dishes in DMEM supple- 
mented with 20% fetal calf serum for 24 h. The cells were 
washed with ice-cold binding buffer (MEM containing 10 mM 
Hcpes pH7.2 and 0.3% BSA) and incubated in I ml binding 
buffer for 5 min at 4°C. After the binding buffer was changed 
to 1 ml ice-cold binding buffer containing various concentrations 
of "'I-rHuRpo, the cells were incubated for different limes at 
4°C. The cells were separated from the unbound radioactive li- 
gand by washing three times with ice-cold NaCl/P, containing 
0.1 % BSA and lysed with 1 ml 0.4 M NaOH. The radioactivity 
in the lysatc was determined by a y-counier. Nonspecific binding 
of the labeled rHuEpo was determined by adding a 500- fold 
excess of unlabeled rHuEpo in the binding assay. 



RESULTS 

Southern blot analysis of RT-PCR products. To study the 
existence of Epo-R mRNA in brain capillary endothelial cells, 
total RNAs from RBECs and MBEC4 were prepared. When the 
RT-PCR using primers E1 and E7A was performed. Southern 



blot analysis detected two bands (Jig. 2A). One was a minor 
band of 903 bp, which is the exact size expected from Epo-R 
mRNA in rat erythroid cells and PC 12 cells [16] and in mouse 
erythroleukemia SKT6 cells and 32D Epo and 32D CM cells, 
which are subclones of the murine 32D cell line [26, 32J. The 
other was a major band of 981 bp, which is the fragment size 
expected from the results in the present study and the sEpo-R 
mRNA in SKT6 cells, 32D Epo cells and 32D GM cells [26. 
32). In addition, amplification using primers E5 and E7B re- 
sulted in two bands (Fig. 2B). The minor band was 267 bp. 
which is consistent with the exact size expected from rat and 
murine Epo-R mRNA* [16. 26, 32 J; the major band was 345 bp. 
which is the fragment size expected from the results in the pre- 
sent study and murine sEpo-R mRNA 126, 321. As shown in 
Fig. 2C, when the RT-PCR was performed using primers E5 and 
E6A in the presence of reverse transcriptase, Southern blot 
analysis detected two bands; one of these was a minor band of 
172 bp. which is the fragment size expected from rat and murine 
Epo-R mRNAs [16. 26, 32|, while the other was a major band 
of 250 bp, which is the fragment size expected from the results 
in the present study and murine sEpo-R mRNA [26, 32J. How- 
ever. Southern blot analysis detected no bands when the RT- 
PCR was performed in the absence of reverse transcriptase. In 
contrast, the amplification using primers E6B and E8 yielded a 
single band of 740 bp. which is the fragment size expected from 
rat and murine Epo-R mRNAs [16, 26. 32} (Fig. 2D). As shown 
in Fig. 2, when the RT-PCR of the phenylhydrazine-trcated rat 
spleen was performed using each primer combination described 
above. Southern blot analysis showed that erythroid progenitor 
cells expressed the aEpo-R mRNA as a major form and the in- 
tron-5-insertcd form of Epo-R mRNA as a minor form. Further- 
more, Southern blot analysis detected three bands containing the 
band corresponding to the intron-5-inserted form of 'Epo-R 
mRNA (Fig. 2 A) and one band (Fig. 2 D) in addition to the band 
corresponding to the aEpo-R mRNA in erythroid progenitor 
cells. These results suggest the occurrence of some alternatively 
spliced Epo-R mRNAs due to insertions and deletions in ery- 
throid progenitor cells. 

Stimulatory cfTect of rHuEpo on DNA synthesis. The effect 
of rHuEpo on the incorporation of I 'HJthymidine into DNA was 
analyzed in quiescent RBECs which were cultured in the serum- 
free medium composed of MEM supplemented with insulin, 
transferrin and sclenious acid. As shown in Fig. 3, addition of 
increasing concentrations of rHuEpo to RBECs resulted in a 
dose-dependent increase in [*H|thymidinc incorporation. When 
rHuEpo was added to RBECs al 1 U/ml. the stimulation of DNA 
synthesis was maximum within a concentration of up to 10 U/ 
ml tested. 

Competence activity of rHuEpo to RBECs. lb determine 
whether rHuEpo functions as a competence factor or a pro- 
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Fig. t. Schematic presentation of rat Epo-R cDNA. Ex cms (R) are indicated by boxes. The top row represent* the number of base pairs of the 
Epo-R cDNA. The positions of exons of the rat Epo-R cDNA are deduced from the mouse genomic sequence [I6J. The arrows indicate the location 
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Fig. 2. Detection of Epo-R raRNAs. Total RNAs were prepared from RBECs, MBEC4 and phcnylhydrazine-trcated spleen and the first-strand 
cDNA was synthesized. (A) The RT-PCR products amplified using primers El and E7A were detected by Southern blot analysis using probe A. 
Une* 1, 2 and 3 show the RT-PCR products from RBECs. MBEC4 and phenylhydra/ine-treated spleen, respectively. (B) The RT-PCR products 
amplified using primers E3 and E7B were analyzed by Southern blot analysis using probe A. Lanes I, 2 and 3 show the RT-PCR products from 
RBECs. MBEC4 and phcnylhydrazine-treated spleen, respectively. (O The RT reaction using total RNAs prepared from RBECs. MBEC4 and 
phcnylhydrazine-treated spleen was performed in the presence or absence of reverse transcriptase. The RT reaction products *ere amplified using 
primers E5 and E6A. The RT-PCR products were analyzed by Southern blotting using probe A. Lanes t -6 shou the following RT-PCR products: 
lanes 1 and 2, RBECs; lanes 3 and 4. MBEC4; Janes 5 and 6. phenylhydray.ine- treated spleen. Lanes 1. 3 and 5 vhou the RT-PCR products in the 
presence of reverse transcriptase and lanes 2, 4 untl f» show the RT-PCR products in the absence of reverse transcriptase. (D) The RT-PCR products 
amplified using primers E6B and K8 were delected by Southern blotting using probe B. Lanes I, 2 and 3 show the RT-PCR products from RBECs. 
MBEC4 and phenylhydra/.ine-ircuicd spleen, respectively. Each arrow in A-D indicates the RT-PCR product of the alternatively spliced Epo-R 
mRNA except for aEpo-R mRNA in rat crythroid progenitor cells. For estimation of molecular mass. /. DNA fragments digested wirh Hhtdltt and 
3/nfroRI and 1 74 fragment* digested with //Will were used in A and C and <£X174 fragments digested with rVorll! were used in B and D. 
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Fig. 3. Effect of rHuRpo on |»HJihymldfne incorporation Into ONA 
of RBECs. RBECs were rendered quiescent by cukuring in the serum- 
free medium (insulin, transferrin and sclcnious acid medium) for 24 h. 
After RBECs were treated with various concentrations of rHuEpo for 
20 h, FHlthymidine incorporation was measured. Values are indicated 
as means ±SEM of three experiment* performed in triplicate. 



gression factor, RBECs were cultured in the serum-free medium 
composed of MEM supplemented with either insulin, transferrin 
and selenious acid or transferrin and selenious acid. As shown 
in Fig. 4, when RBECs were cultured in MEM with insulin, 
transferrin and selenious acid, rHuEpo at 1 U/ml accelerated an 
incorporation of ['H) thymidine into DNA; bFGF. which rune- 
tions as a competence factor, also stimulated the DNA synthesis 
to the same level as rHuEpo. In contrast, neither rHuEpo nor 
bFGF had any influence on DNA synthesis in RBECs in the 
absence of insulin, a progression factor. 




Control rHuEpo bFCP 
llVmi 2w*/m\ 

Fig. 4. EfTect of Insulin on DNA synthesis by rHuEpo In RBECs. 
RBECs were cultured with rliuEpo 1 1 LVmlj or bFGF (2 ng/ml) in insu- 
lin, transferrin and seknious acid medium or transferrin and selenious 
acid medium, thus in the presence (closed box) or absence (open box) 
of insulin, at 37°C for 30 h and then ('HJthymidine incorporation was 
measured. Results are means zSEM of three experiments performed in 
triplicate. Statistically significant differences between control and 
rHuEpoor bFGF in the presence of insulin are indicated by: *P<0.0\. 



Binding of rHuEpo to RBECs. Fig. 5 A shows the time depen- 
dency of the binding of ,2, i-rHuEpo to RBECs. When RBECs 
(10 < ' cells) were incubated in the presence of 450 pM m I- 
rHuEpo at 4°C, the maximum specific binding reached equilib- 
rium within 4 h and remained constant for at least 6 h. As shown 
in Fig. 5 B. the .specific binding was proportional to cell density 
throughout the range tested (2-12x10* cells/ml) after incubat- 
ing for 4 h at 4°C in the presence of 450 pM labeled rHuEpo. 
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Fig. 5. Binding of radiolabeled rHuEpo to RBECs. (A) Time dependence of ^l-rHuEpo binding to RBECs. RBECs (10' cells) were incubated 
with 450 pM '"1-rHuEpo for the indicated times at 4°C (B) The effect of cell number on '"I-rHuIspo binding to RBECk. RBliCs were incubated 
with 450 pM rHuEpo for 4 h at 4°C. (C) Scatchard analysis of the binding of 1 M-rHuBpo to RBEOt. RBECs (11)' cell*) were incubated for 4 h at 
4°C with the indicated concentrations of '"1-rHuEpo. Inset: direct representation of total, nonspecific and specific radioactivity bound to the cells 
as u function of the concentration of ' "M-rHuEpo added. Nonspecific binding (O) was determined in the presence of 500-fold unlabeled rHuEpo. 
Specific binding (•) was calculated by subtraction of nonspecific binding from total binding (□). Results arc the mean of three experiments in 
triplicate. 



The K d and the number of binding sites were evaluated by 
Scatchard plots (Fig. SC; the inset represent the ligand-satura- 
tion curves). Data analyzed by the method of Scatchard indicate 
that RBECs have a single class of binding sites for Epo and 
express 10300 rccepiors/cel! with a K A of 860 pM. 

DISCUSSION 

Mammals have adaptation mechanisms to hypoxia such as 
induction of the growth of new capillary blood vessels ( 1 ] and 
promotion of erythropoiesis [2], Adenosine [271 and vascular 
endothelial growth factor [28-30] are the major candidates for 
angiogenic factors under hypoxic conditions and Epo has been 
thought to play a physiological role in erythropoiesis [3-5]. En- 
dothelial cells and hematopoietic celts have a common origin in 
embryogenesis and it has been reported that angiogenic factors 
arc hematopoietic growth factors and vice versa [311. Recently, 
it has been reported that rHuEpo has a proliferative and a posi- 
tive chcmotactic effect on HUVECs and bovine adrenal capillary 
endothelial cells |6| and stimulates angiogenesis in rat thoracic 
aortas [9], suggesting that Epo acts on endothelial cells as an 
angiogenic factor. Furthermore, when the RT-PCR was per- 
formed using primers based on nucleotide sequences from exon 
5 (sense) and exon 6 (antisense) of human Epo-R gene to assess 
expression of Epo-R mRNA in HUVECs, the aEpo-R mRNA 
was detected but not the intron-5- inserted form of Epo-R 17]. 
However, in the present study, the RT-PCR using primers E5 
and E6, which are located in exon 5 and exon 6. respectively, 
provided evidence that two forms of Epo-R mRNA were ex- 
pressed in rat and mouse brain capillary endothelial cells. In 
addition, each RT-PCR using primers El plus E7A and primers 
E5 plus E7B resulted in the amplification of two cDNA frag- 
ments containing a cDNA fragment targeted. It has been re- 
ported that SKT cells express an alternatively spliced Epo-R 
mRNA which is inserted intron 5 and part of Intron 6 [26] and 
that 32D Epo and 3 2D GM cells, subclones of the murine 32D 
cell line, express several alternatively spliced Eno-R mRNAs 



which result from retention of intron 5, part of intron 6, or intron 
5 and part of intron 6. or loss of exon 5 |32J in addition to the 
aEpo-R mRNA. Taken into consideration with these results, the 
present results indicate that brain capillary endothelial' cells ex- 
press an intron-5-inserted form of Epo-R mRNA, thus the sEpo- 
R mRNA. as a major form and the aEpo-R mRNA as a minor 
form. Possible explanations for the difference between the re- 
sults in HUVECs and the present results are the following: (a). 
The sEpo-R mRNA in human erythroid progenitor cells results 
from retention of part of intron 4 (104-bp insert) [33, 34]; in 
contrast, alternatively spliced mRNAs encoding sEpo-R in 
SKT6 cells, 32D Epo cells and 32D GM cells result from reten- 
tion of intron 5 or intron 5 and part of intron 6 or loss of exon 
5, but not retention of part of intron 4. (b) Expression of sEno- 
R mRNA is characteristic of brain capillary endothelial cells, 
hut not large vessel endothelial cells. We are now attempting to 
study whether HUVECs express s Epo-R mRNA resulting from 
retention of part of intron 4. 

In the present study, we haVc cloned the full-length intron- 
5-inscrted form of Epo-R cDNA from RBECs and the phenylhy- 
drazinc-treaied rat spleen by RT-PCR using primers El and E7A 
and the RT-PCR products using primers E5 and E7B from 
RBECs and MBEC4. Sequence analysis showed that these 
cDNAs contained intron 5 but not intron 6. The nucleotide se- 
quence of intron S for Balb/c murine sEpo-R reported previously 
is 78 bp long [261, whereas the nucleotide sequences of intron 5 
for these cDNAs were 79 bp (data not shown). This difference 
is not due to differences between mouse species because 
MBEC4 arc endothelial cells from Balb/c mouse. We are now 
studying whether our results are due to a PCR artifact. There- 
fore, in this report, the sizes of aEpo-R and sEpo-R mRNAs 
are indicated as the sizes expected from the known nucleotide 
sequence. 

Cell proliferation requires at least two kinds of factors, a 
competence factor which leads cell from G u to G, phase, and a 
progression factor for the transfer of cells from G, to S phase. 
bFGF and insulin are the competence factor and the progression 
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factor, respectively |3S|. Both rHuEpo and bFGF stimulated the 
DNA synthesis in RBECs in the presence of insulin, whereas no 
stimulation was observed in the absence of insulin. These results 
I indicate that rHuEpo functions as a competence factor as well 
! as bFGF for RBECs. 

rHuEpo maximally stimulated DNA synthesis of RBECs at 
the concentration of 1 U/ml. The serum concentrations of Epo 
1 in most animals are in the range of 10-30 mU/ml under normal 
physiological conditions and increase more than 100-fold in ane- 
mia [36» 37 J. Furthermore, Epo concentration increases to 1.4 
and 2.1 U/ml in rats exposed to 9% and 7.5% hypoxia, respec- 
tively, for 8 h [38|. The present study suggested that endothelial 
cells expressed sEpo-R. which is released from endothelial cells 
to blood, as a major form in addition to aEpo-R. sEpo-R has the 
capability to bind to Epo [39]. Therefore, sEpo-R may inhibit 
the binding of Epo circulating in blood to Epo-R on endothelial 
cells and thus function as an antagonist under normal physiolog- 
ical conditions. However, when excess Epo is induced by hyp- 
oxia, sEpo-R may be unable to prevent the binding of Epo to 
Epo-R on endothelial cells which are in G 0 phase under normal 
physiological conditions. In such cases, Epo may act on endo- 
thelial cells as a competent factor. 

To assess whether sEpo-R accumulates in the culture me- 
dium, the conditioned medium was incubated with ConA- 
Sepharose resin or Epo-bound activated CH-Sepharosc resin. 
rYoteins bound to the resin were subjected to SDS/PAGE and 
analyzed by Western blot using ami-Epo-R polyclonal antibody 
or an antibody to amino- terminal peptides of Epo-R (ASSPSLP- 
DPKFESKAC). However, a positive band was not detected 
when the detection assay was performed by the enhanced chemi- 
luminescenee assay using Super Signal CL-HRP substrate sys- 
tem from Pierce (data not shown). On the other hand, although 
both rHuEpo and bFGF raised an incorporation of (• HJihy midine 
into DNA when RBECs were incubated in the scrum-free me- 
dium and then the medium was replaced by scrum-free medium 
containing rHuEpo or bFGF. only bFGF raised an incorporation 
of pHlthymidine into DNA when rHuEpo or bFGF was added 
to the scrum-free medium without replacing the medium (data 
not shown). These results imply a possibility that sEpo-R 
secreted from RBECs to the medium inhibits the binding of 
rHuEpo to Epo-R on RBECs. We are attempting to demonstrate 
whether sEpo-R accumulates in the medium. 

RBECs had a single class of Epo-R with a K d of 860 pM 
and expressed 10300 sites/cell. Epo-R expressed 27000 sites/ 
cell with an affinity in the nanomolar range on HUVECs |6|. 
On the other hand, some crythroid progenitor cells and erythroid 
cell hnes express Epo-R with both high-affinity (Af d = 90-410 
pM) and low-affinity (K a =x 400-6100 pM) Epo binding sites 
and others express only a single class of binding sites with a K 4 
of 70-1390 pM (40]. A common characteristic of both is that 
the number of receptor sites/cell is less than 4000. The present 
swdy indicates that Epo-R on RBECs is classified into a low- 
affinity type and that endothelial cells express abundant Epo-R 
relative to the erythroid cells. ' 

Since hypoxia is observed to induce Epo mRNA in testis 
and bram [38|, Epo production is expected to he stimulated in 
other organs outside kidney under hypoxic conditions. Astro- 
cytes, which arc in close apposition to and interact directly with 
endothelial cells of brain capillary, produce Epo under hypoxic 
conditions [41 J. The present study suggests that Epo acts directly 
on brain capillary endothelial cells as a novel mitogenic factor 
with a competence activity through a paracrine mechanism from 
astrocytes and an endocrine mechanism from kidney and testis 
under hypoxic conditions. 

The present study indicated that brain capillary endothelial 
cells expressed sEpc-R mRNA as a major form. Since cells and 



tissues expressing sEpo-R us a major form nave not been found 
yet. brain capillary endothelial cells would be very useful to gain 
information concerning the physiological function of sEpo-R. 
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3 Annotation Summary - IHC 

Normal tissues exhibited moderate cytoplasmic staining. Strong cytoplasmic immunoreactivity, occasionally combined with 
nuclear positivity, was observed for example in neuronal cells and trophoblastic cells. Malignancies displayed similar staining 
pattern as normal cells, mainly weak to moderate cytoplasmic and rare nuclear staining. A few malignant gliomas and liver 
cancers showed strong cytoplasmic positivity. 
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Protective Effect of Erythropoietin and Its Carbamylated Derivative 
in Experimental Cisplatin Peripheral Neurotoxicity 
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Abstract Purpose: Antineoplastic drugs, such as cisptottn (CDpP), ate severely neurotoxic, causing 
disabling peripheral neuropathies with clinical signs known as chemotherapy- induced 
peripheral neurotoxicity. Cotteatment with neuroprotective agents and COOP has been 
proposed for preventing or reversing the neuropathy. Erythropoietin given systemicafly has 
a wide range of neuroprote c tive actions in animal models of central and peripheral nervous 
system damage. However, the erythropoietic action is s potential causa of side effects if 
erythropoietin is used for neuroprotection. We have successfully identified derivatives of 
erytrropoietin, including carbamylated erythropoietin, which do not raise the hematocrit 
but retail the neuroprtttectiv*, action exerted by erythropoietin. 

Experimental Design: We have developed previously an experimental cKeniatherapy- Induced 
peripheral neurotoxWty that closely resembles CO DP neurotoxicity in humans. The present 
study compared the effects of erythropoietic and carbamyJated erythropoietin (50 ug/kg/d 
thrice weekly) on COOP (2 mg/kg/d i.p. twice weekly, for 4 weeks) neurotoxidty in vivo. 
Rssurts: COOP given toWlstar rats significantly lowered thee growth rate (P < O06X with slower 
sensory nerve conduction velocity (P < 0.001) and reduced intraepiderma! nerve fibers density 
(P < 0.001 versus controls). Coadministration of COOP and erythropoietin or carbamylated 
erythropoietin partially but significantly prevented the sensory nerve conduction velocity 
reduction. Both molecules preserved imrsepidermal nerve fiber density, thus confirming their 
neuroprotective effect at the pathologic level. The protective effects were not associated with 
arty difference in platinum concentration in dorsal root ganglia, sciatic nerve, or kidney specimens. 
Conclusions: These results widen the spectrum of possfcle use of erythropoietin and 
carbamylated erythropoietin as rteuroprotectant drugs, strongly supporting their effectiveness. 



Chemotherapy-induced peripheral neurotoxicity (CIPN) is a 
major clinical problem because it is a dose-limiting side effect 
of important and effective antineoplastic drugs (1). The 
incidence, severity, and clinical symptoms and signs of CIPN 
depend on the drug given and its schedules. Severe neuropathy 
can occur in 3% to 7% of treated cases with single agents but 
can increase to 38% with combined regimens (2, 3). Moreover, 
even when CIPN is not dose-limiting, it may severely affect the 
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quality of life of cancer patients and cause chronic discomfort 
Therefore, effective prevention and/or treatment of CIPN would 
be a major advance for cancer patients. 

Cisplatin (CODP) and the other platinum-derived drags are 
among the most effective antineoplastic agents, but they arc 
severely neurotoxic the clinical features of CDDP neurotoxicity 
in humans are mainly ataxia, pain, and sensory impairment 
secondary to accumulation of CDDP in the dorsal root ganglia 
(DRC) and subsequent damage, resulting in secondary nerve 
fiber adenopathy. 

We have developed an experimental model of peripheral 
neurotoxidty induced by CDDP (4-9) that closely resembles 
CDDP neurotoxicity in humans. It involves the reversible 
primary involvement of DRC neurons, with secondary 
sensory axonal neuropathy and sparing of the motoneurons. 
This model has already been used to investigate the 
mechanisms of neurotoxic action of CDDP (4, 5, 7, 9) and 
to test the effect of putative neuroprotective agents (6, 8-13). 
Among these agents, cotreatmem with neurotrophic agents 
has been proposed as a means of preventing or reversing 
CIPN (14). 

Among the several substances with throphic action on 
central neurons and peripheral nerves, erythropoietin has a 
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wide range of neuroprotective effects in vivo. Erythropoietin 
receptors are expressed both in nerve axons and Schwann 
celts and in DRG neurons and are overexpressed after nerve 
injury (15-17), presenting a target for pharmacotherapy. In 
primary neuronal cultures or neuronal cell lines, recombinant 
human erythropoietin protects from apoptosis (18, 19). In vivo, 
erythropoietin protects neurons from cerebral ischemia and 
traumatic injury (20) and reduces the seventy of experimental 
autoimmune encephalomyelitis, spinal cord injury, and sciatic 
nerve compression (21). We recently found dial erythropoietin 
both protects against and lowers the severity of experimental 
diabetic neuropathy (22). Erythropoietin is abo protective 
against peripheral neuropathy induced by CDOP in rats, 
evaluated by electrophysiology (compound muscle action 
potential) and histologic examination of the number of nerve 
fibers (23). 

One major issue in the use of erythropoietin is its 
eiythrodirrerentiating action that could be cause of several side 
effects, including vascular perfusion defects (24). In mice, the 
increase in hematocrit induced by erythropoietin causes 
vasoconstriction and cardiac dysfunction due to nitric oxide 
depletion and endothelin activation (25, 26). In animals and 
humans, erythropoietin can lead to hypertension (27, 28) or 
thrombosis (2D). 

Recently, we have identified derivatives of erythropoietin, 
including carbamytated erythropoietin (30) and asialo-eryth- 
ropoietin (21), which are nonerythropoietic but retain neuro- 
protective action in different animal models, including cerebral 
ischemia, spinal cord injury, and diabetic neuropathy. 

In this study, we investigated the potential role of erythro- 
poietin and carbamylated erythropoietin for neuroprotection 
against CIPN induced by CDDP. 

Because carbamylated erythropoietin does not increase die 
hematocrit and does not bind die hemopoietic homodiraeric 
erythropoietin receptor, the present model should enable us 
to dissociate a peripheral neuroprotective action of erythro- 
poietin from a hemopoietic effect and determine whether 
neuroprotection can be achieved without die risk associated 
with the use of erythropoietin in nonanemic patients. 

Materials and Methods 

Animal husbandry. All the procedures involving animals and their 
care were conducted in conformity with the institutional guidelines 
in compliance with national (Law by Decree No. 1 16, February 18, 
1992. Cazzetta Ufficiale delta Repubbiica Italian*. Suppl. 40) and 
international (European Economic Community Council Directive 86- 
609, December 12. 1987, in Official Journal of Law, p. 358; Guide 
for the Care and Use of Laboratory Animals, US. National Research 
Council 1996) laws and policies. The protocols for the investigation 
were reviewed and approved by the Animal Care and Use 
Committees of the Istituto di Ricerche Farmacologichc "Mario Negri" 
(Milan) and the Faculty of Medicine University of Milano "Bicocca". 

A total of 72 female WUtar rats (200-220 g at the beginning of the 
experiment; Harlan Italia, Corrcaana, Italy) were used for the study. 
They were housed in a limited access animal facility with room 
temperature and relative humidity 22 ± 2'C and 55 ± 10% and 
unrestricted access to food and water. Artificial lighting provided a 
24-hour cyde of 12-hour light/U-hour dark (light 7 a.m.-7 p.m.). 

Drugs. CDDP (Piaiamine) was purchased from Pharmacia Italia 
(Milan, hah/). Erythropoietin was obtained from Dragon Pharmaceut- 
ical (Vancouver. British Columbia. Canada). Carbamylated erythro- 



poietin was prepared as described (30) and was kindly provided by K 
Lundbeck (A/S. Valby. Copenhagen, Denmark). 

In vivo studies. Two separate expert menu were done. In a first 
experiment we studied the effects of erythropoietin on CDDP-induced 
neuropathy. Thirty-two rats were randomly divided into four groups 
(8 per poup): CDDP, CDDP plus erythropoietin, erythropoietin, and 
unueated controls. CDDP was dissolved in sterile saline and rats were 
injected with CDDP 2 mg/kg i.p. twice weekly for 8 times using a 
volume of 4 ml/kg (3 1, 32). The CDDP plus erythropoietin group was 
treated with the same dose of CDDP plus erythropoietin (50 Mg/kg i.p. 
thrice weekly). The erythropoietin group received only the drug as 
above. In a second experiment we studied the effect of carbamylated 
erythropoietin (50 ug/kg i.p. thrice weekly) on CDDP-induced 
neuropathy. Forty ran were randomly divided into five groups (8 per 
group): CDDP, CDDP plus erythropoietin. CDDP phis carbamylated 
erythropoietin, carbamylated erythropoietin, and control. 

In both experiments, control rats received sham i.p. injections with 
the CDDP solvent. 

Msthods of evaluation. General conditions of the animals were 
recorded dally, and weight was measured at the time of drug 
administration. 

At the end of the treatment each rat's sensory nerve conduction 
velocity (SNCV) was determined In the tail using a previously described 
method (6. 9). Briefly, antidromic SNCV was assessed by stimulating 
the tail nerve with ring electrodes placed 5 and 10 cm proximal ly to the 
recording ring electrodes placed distaUy in the tail. The latencies of the 
potentials recorded at the two sites after nerve stimulation were 
determined (peak-to-peak) and the nerve conduction velocity was 
calculated accordingly. All the neurophysiologic measurements were 
done under standard conditions in a temperature-controlled room, 

At the end of the experiment, the animals were euthanized under 
general xytazlne/ketamine anesthesia and tissue specimens were 
obtained. 

Peripheral nerve damage was assessed on pathologic grounds by skin 
biopsy and an estimate of mtraepidennal nerve fiber (IENF) density in 
the hmdpaw footpad (33). Briefly, skin specimens were fixed in 2% 
paraformaldehyde-lysine periodate for 24 hours at 4*C eryoprotected 
overnight and serially cut with a cryostat to obtain 20 um sections. 
Three sections were randomly selected and imraunostained whh 
polyclonal anti-PGP 9.5 (Biogenesis. Poole. United Kingdom) using a 
free-floating protocol (33). Three blinded observers counted the total 
number of IENF in each section under a light microscope at high 
magnification using a microscope-mounted video camera. Individual 
fibers were counted as they crossed the dermal-epidermal junction, and 
secondary branching within the epidermis was excluded. The length 
of the epidermis was measured using a computerized system 
(Microsdence, Seattle. Wa) to obtain the linear density of IENF. 

Whole Wood was obtained through abdominal aorta puncture, 
collected into a heparinated tube for hematocrit determination, and 
centrifuged at 2.300 rpm for 20 minutes at 4"C Total and erythrocyte 
capillary tube length was measured and the hematocrit was calculated 
as a percentage by dividing the particulate by total length and 
multiplying it by 100. 

Sciatic nerves. DRG. and kidneys of rats from all CDDP-veated 
groups were obtained, snap-frozen in liquid nitrogen, and kept at 
-WC until used to determine the platinum concentration by 
inductively coupled plasma-tandem mass spectrometry according to 
the previously reported protocol (6). 

Statistics- The differences between all experimental groups in body 
weight. SNCV. IENF density, and tissue platinum concentrations were 
examined by ANOVA and the Tukey-Kramer poswest. 



Results 

General toxicity. All the rata completed the studies, with 
no evidence of severe general toxicity. In each experiment at 
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Thble» 1. Physidoflic variables of rats treated with CDDP and/or cotreated with erythropoietin and carbarnytated 
erythropoietin * ' * 



Group 



Ex pertinent 1 



Experiment 2 



Beeettrtebody Final body Hematocrit (%) Bmfinabody FmaJbody Hematocrit (%) 



Control ^vehicle 

COOP + vehicle 

Control + erythropoietin 

Control + carbarnytated erythropoietin 

COOP + erythropoietin 

COOP + carbamylated erythropoietin 



weight (g) 


vMrfBhtte) 




weight (q) 


weight (g) 




186 ±2 


221 ±3 


51.9 ± 1.0 


18416 


256 ±9 


50 0 ± 1.8 


197 ±3 


199 ±3* 


47.6 ± 1.2 


181 ±3 


212 ± 6' 


523 1 1.1 


196 ±2 


222 ±3 


82.4 ± 1.6' 














184 ±3 


248 ±8 


56.4 ± 2.3 


196 ±3 


209 ±6 


84.3 ± 1.2' 


182±5 


229 ±7 


76.2 ± 8 3» 








180 ±6 


230 ±5 


61.0 ± 13 



NOT* Data enmean ± SE (8 per group), Statistic* byANOVA with lukay-Kremer HS0 test for mult** comparison*. 
'P < 0.01 vema control and control ♦ «rytNopoietin (expanmnt 1). 
y < O01 versut e» theothar gwai ( wp artnan t 21 
tP ( 0.01 v^tm cortm* end COOP (•xparimani 1). 
SP < 0.01 wrnis ai tfw othar group* (axp«nro«nt 2). 



baseline, there was no difference in body weight between 
groups. CDDP alone significantly reduced weight gain 
(Table 1); CDDP treated rats weighed 10% and 17% less 
than the control groups in experiments 1 and 2, respectively 
(P < 0.01 in both cases), and the coadministration of 
erythropoietin or carbamylated erythropoietin reduced the 
difference by -50% 

Hematocrit was significantly higher in both erythropoietin- 
treated groups (P < 0.01), whereas carbamylated erythropoi- 
etin did not produce any significant change from control rats 
(Table 1). 

TaQ nerve neurophysioiogU evaluation. In each experiment 
baseline SNCV did not differ in the two groups. In the first 
experiment, tail SNCV studies at the end of the treatment 
showed that the erythropoietin and control groups were very 
similar (Fig. 1A). This was confirmed in the second 
experiment which, in addition, showed similar results for 
carbamylated erythropoietin (Fig. IB). CDDP, however, 
reduced mean SNVC by 26% and 30% compared with 
control in experiments 1 and Z respectively (P < 0.001). In 
both experiments, erythropoietin had a partial but highly 
significant protective effect (Fig. 1A and B) and SNCV 
compared with the CDDP group, although it remained 
different from control (mean of experiments 1 and 2, 
-15.7% and -17.8%, respectively; P < 0.001). Similarly, 
carbamylated erythropoietin partially prevented the decrease 
in SNVC induced by CDDP (P < 0.05; Fig. IB). 

IENF density. In footpad skin, both the neurotoxic effect of 
CDDP and the neuroprotective action of erythropoietin and 
carbamylated erythropoietin were confirmed at the pathologic 
level. Figure 2 summarizes the results of the two experiments. 
Erythropoietin and carbamylated erythropoietin coadminis- 
tered did not affect IEFN density in control rats (data not 
shown). CDDP significandy reduced the epidermal innerva- 
tion density (mean 13.1% lower than control) and caused 
diffuse morphologic changes of nerve fibers, indicating axons! 
degeneration (Fig. 3). Erythropoietin and carbamylated 
erythropoietin coadministered significantly (P < 0.001) 
protected against from the loss of IENF induced by CDDP 
(Figs. 2 and 3). 



Tissue platinum concentration. Platinum in control sped- 
mens was below the limit of detection of the inductively 
coupled plasma-mass spectrometry method (Le„ <0.001 ng/g 
tissue), but it was detectable in specimens from CCDP- 
treated rats. No significant differences were observed between 
CDDP and CDDP plus erythropoietin groups (7.64 ± 0.82 
versus 9.11 ± 1.84, 1.86 ± 0.41 versus 1.67 ± 0.23, and 




Rg.1 SNCVet the end of the treatment Columns, mean Cm m/s) of seven to 
•ght per group; bmx SE.4. experiment 1. \ P < 0.001 versus control (C7Rt) ar 
control ♦ erythropoietin (£P0); ft, P < 001 versus C0DP. A experiment 2. 
\ P < 0 001 versus control and control ♦ carbarnytated erythropoietin (C£PO): 
t./»<0.05vwsu»COOP; tt.P< 0.01 versut COOP. 
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Csncor Therapy: ProcBnical 




CTRL CDDP CODJN-KPO CDDP+CEPO 



Flo.2. Eryttuopo«ln rmtor— the to<a of torsepidsmwi fib** In COOP-trvated 
rets. Skin biopsies wn obtsinstf at (he end of the treatment. Grim* mean 
(number of lEKeTmm) of seven 10 eitfe par group; b*t SC. *, P <0.06 venue 
control (C7WL ). ••, P < 0.001 versus control; t . P < 0.001 versus COOP. 



2.36 versus 3.16 ug/g tissue for kidney, sciatic nerves, and 
pooled DRG samples, respectively). Hence, the protective 
effect of erythropoietin was not associated with any 
difference in platinum concentration in DRG, sciatic nerve, 
or kidney specimens. 

Discussion 

CIPN is a major limitation in the current treatment of 
cancer with platinum drugs, because It frequently requires a 
dose reduction or even treatment withdrawal on account of 
adverse effects. Therefore, effective strategies to prevent or 
reduce the severity of CIPN arc a major goal of preclinical 
research, with a view to clinical application. In vitro studies 
have been frequently used for screening putative neuro- 
protective agents, because they are taster and cheaper than 
in vivo testing. However, the latter reproduce the clinical 
picture in humans more reliably, including the effects of drug 
metabolism and bioavailability and tissue distribution, with 
respect to the target organs in particular. 

The peripheral neuropathy induced in rats by repeated 
administration of CD DP is qualitativeiy similar to that in 
humans, involving the degeneration of sensory nerve fibers 
caused by DRG neuronopathy. The model of CIPN used in 
this study has already been extensively characterized in our 
laboratory (4-9) and has been used to assess the effective- 
ness of several putative neuroprotective agents. Some were 
not effective (9, 31), whereas others had at least a partial 
effect (6, 8, 10, 12, 13). The usefulness and reliability of the 
preclinical results were further strengthened when one of 
these neuroprotectants (reduced glutathione) was evaluated 
in a randomized, double-blind, placebo-controlled clinical 
trial in ovarian cancer patients (32), which confirmed its 
partial protective effect against CDDP neurotoxicity, previ- 
ously evidenced in the animal model. 

The use of neurophysiologic tests to assess the effea of 
neurotoxic or neuroprotective agents is well established (6-8, 
34-36). They are also largely used in clinical practice in 
human neuropathies. However, pathologic confirmation of 
the neurophysiologic results is always advisable. In our 



CDDP model, we have extensively reported the pathologic 
features in DRG, sciatic nerves, and tibial nerves (5). In the 
present study, for the first rime, we investigated the effect of 
CDDP at the pathologic level by quantifying IENF density in 
the footpad skin using a standardized method (33). This 
procedure is currently used to assess the degeneration of skin 
nerve fibers in human peripheral neuropathies (37). Skin 
biopsy for IENF density quantification is a reliable and 
minimally Invasive technique in patients. It showed both 
degeneration and regeneration of nerve fibers in experimental 
and human diabetic neuropathies (22, 38, 39) and it might 
be proposed as an outcome measure in clinical trials with 
neurotoxic drugs. SNCV and IENF density studies explore 
different nerve fiber populations: SNCV evaluation mostly 




Rq, J. Jfcfophotopephs em skin biopsies from me Nndpewfooipad of 
re* Sections w m% hem o sus ied with the pansxonst msitcsf PGP 9.5, Afww* 
mowtmdt devnefnm bumfles. Be/. 30|im.A MKmslepMBmisf end 
osnnehnner^ 

" ^?!!!if 5ad "S?* h| '' ^*^wt*we^fapnsn*dPGP9j6 
nmuraMctrstys 

nxwphotoqy of gNF end dtrnxl nerve bungles tn a ret ootrasted with COCS* end 
csfbsjnyunsd crytNopoietbt 
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reflects changes in large myelinated fibers, whereas IENF 
density is an estimate of small-diameter fibers that are 
affected early in most peripheral neuropathies. 

Erythropoietin, a 165 -amino acid sialogtycoprotein, is 
essential In the regulation of erythropoiesis. Among its 
several dinical applications, erythropoietin is a very effective, 
well tolerated and widely used treatment for anemia in 
cancer patients undergoing chemotherapy. However, the 
bone marrow Is not the only target tissue of erythropoietin, 
and the wide expression of functional receptors for erythro- 
poietin explains its nonerythropoieuc functions, including its 
neuroprotective action on the injured nervous system (40). 
Rat models have been used to test the protective effect of 
erythropoietin (15, 16, 21), which was recently confirmed in 
an experimental model of CDDP (23). However, this rat 
model involved a motor, demyelinaiing neuropathy that did 
not reproduce the typical effects of CDDP in humans (i.c, 
sensory impairment with axonal damage in the peripheral 
nerves), thus raising some concern about the relevance of the 
positive results for potential clinical application. 

Because, in rats, both DRC and peripheral nerves express 
the erythropoietin receptor (15. 16), our model of CDDP- 
induced DRG sensory neuronopathy with secondary axonal 
neuropathy seems adequate to assess the use of erythropoi- 
etin as a neuroprotective agent The effect of a nonerythro- 
poietic erythropoietin derivative, such as carbamylated 
erythropoietin, which showed tissue-protecting properties in 
several animal models of peripheral nerve damage (30), was 
also evaluated. 

Our study shows thai erythropoietin or carbamylated 
erythropoietin alone have no effect on the normal function 
of the peripheral nerves but had significant and reproducible 
neuroprotective effects in CDDP-induced neurotoxicity. 
These results were supported both by the neurophysiology: 
findings showing the improvement of tail SNCV and at the 
pathologic level by the higher density of IENF in the footpad 
skin. 

A major concern in the use of neuroprotectant drugs to 
prevent a PN is interference with die antineoplastic activity 
of chemotherapy. Although the effects of erythropoietin on 
tumor growth is sriD controversial, Sigounas et al (41) 
suggested a synergy between erythropoietin and chemother- 
apeutic agents in a murine cancer modcL We investigated 
whether erythropoietin or carbamylated erythropoietin affect- 
ed the tissue distribution of CDDP by measuring the 
concentration of platinum in the kidney (where it accumu- 
lates after CDDP administration and CDDP-DNA adducts are 
present; 11) and in the peripheral nervous system. We found 
no difference in platinum tissue concentrations, supporting 
the opinion that erythropoietin and carbamylated erythro- 
poietin do not interfere with CDDP. 

The mechanism of neuroprotection of erythropoietin and 
carbamylated erythropoietin in our experimental paradigm is 
still an open issue. Based on current knowledge, a direct 
protective effect of erythropoietin and carbamylated erythro- 
poietin can be suggested on sensory neurons and/or 
peripheral nerves through the direct binding to the erythro- 
poietin receptor, which is widely expressed in the peripheral 
nervous system and overexpressed after nerve injury (16, 17). 
Carbamylated erythropoietin does not bind to the dassk 
erythropoietin receptors expressed by bone marrow (30). This 



affinity for the neural-type erythropoietin receptor shared by 
erythropoietin and carbamyiated erythropoietin suggests that 
high circulating levels of erythropoietin or carbamylated 
erythropoietin might have an effect on damage prevention 
and/or repair. We already reported that erythropoietin 
reduced the severity of experimental diabetic neuropathy in 
two different experimental paradigms (22). thus raising the 
possibility that it has a "nonspecific'' neuroprotective effect 
against different types of injury of the peripheral nervous 
system as shown recently in vitro (17). 

The major point of concern in proposing of erythropoietin 
for neuroprotection in dinical practice is the risk of a marked 
increase in hematocrit with long-term treatment as observed 
in our experiment However, short-term administration of 
erythropoietin as a neuroprotectant in dinical trials of stroke 
has jiot resulted in elevated hematocrit (42) and the optimal 
schedule (dose and timing) of erythropoietin treatment for 
the prevention of CIPN still needs to be defined. Recent data 
suggest that erythropoietin in combination with other growth 
factors (and possibly with other neuroprotectants) may 
synergisticalry activate neuroprotective pathways that allow a 
lower dose of erythropoietin to be used (43). 

A different approach to minimize the erythropoietic effect 
of erythropoietin is modification of the molecule as has been 
done with carbamylated erythropoietin. Extensive studies of 
the relationship between the structure and the activity of the 
erythropoietin molecule identified regions and amino adds 
essential for its binding receptor (44) and found that several 
chemical modifications abolish the hematopoietic bioactivity 
(45, 46). Previous studies and our results are encouraging 
because carbamylated erythropoietin maintained its neuro- 
protective effect without changing the hematocrit (30). These 
findings open up the possibility of distinguishing between 
the tissue-protective action of erythropoietin and its poten- 
tially detrimental effects (e.g., endothelial activation and 
platelet reactivity, pro thrombotic effects, and excessive eryth- 
ropoiesis with chronic dosing;- reft. 47, 48). 

When considering the differences between erythropoietin 
and carbamylated erythropoietin, it is important to note that 
these two molecules have very similar pharmacokinetic 
variables and plasma half-life in particular (30), in contrast 
to arialo-erythropoiedn that has a very short half-life (21). 
We have shown that, whereas erythropoietin bind the 
classic homodimeric erythropoietin receptor, carbamylated 
erythropoietin does not (30), but both molecules require 
the presence of the 0 common subunit shared by the 
granulocyte-macrophage colorry stimulating factor and the 
interleukin-3 and interieukin-5 receptors, as knockout 
mice deficient in this transducer do not show protective 
effects of either carbamylated erythropoietin or erythropoietin 
(49). 

In conclusion, these results we obtained in a model of 
CIPN that reproduces the clinical features of the effects 
of CDDP in humans widen die spectrum of possible use 
of erythropoietin and carbamylated erythropoietin as neuro- 
protectant drugs, strongly supporting their effectiveness. 
However, they also indicate the need for further predinical 
studies to optimize their effectiveness, to determine the exact 
mechanism and site of action, and to darify the issues 
of long-term tolerability and safety in vivo, with the final 
aim of identifying the best strategy for clinical application. 



www.Mcooumab.org 2611 Cbi Cancer Res 2006;12(8) Aprfl IB, 2006 



C00024652 



References 

1 Quasthoff S. Hartung MP. CtMmothtfa^y-tnduoed 
peripheral newopetby. J Neurol 2002:249:9 - 17. 

2. Conway t Markman ft* Kennedy A. at at. Padftaxd 
delivered at a 3-hr .nfudon with dsptatm in orients 
with a^necotogic cancers: unexpected incidence of 
neurotoxicity. Gynecol Oncol I996;62:188-a 

J. Rote Pa 8)e*dng JA. Qwrfwun DM. McGchee ft. 
PK*ux^indeispl«hMfirt^inether»pvnfecwT«« 
or advanced squamous cefl carcinoma of the cervw: ■ 
Gynecologic Oncology Group study. J Cfn Oncol 
1999:17:2878-80. 

4, Barejon t Berwni M, Quartu M« el Ne u ropeptide * 
and morphological change* In crsptadn -induced 
dorcafrottoarigeonnMavnopelhy. Exp Neurol 1996; 
138:93-104. 

5. Cavdetti a Tredia a Manrndi P. et at Morpho- 
metric ttudy of the seneory neuron and penphere) 
nerve changes induced by chronic cispratin (OOP) 
administration in ran. Acta Neuropethoi (Berl) 
1992.84:384-71. 

8. C*veJet8G.*fitoraC Schlepped M,1redd G.Prot*c- 
rive effacti of glutathione on dspurrjn neurotoaddty In 
ran. bit J Radat Oncol Bid Phye 1994:29:771 - 6. 

7. Cavaretti ft Iradfci <3L MsmiroV P. et at OfMreeunent 
course of dapiatin- induced dorad root gangs* neu- 
ronopafry in mm. In mp 1994*313 -8. 

8.1*rJd a Cavdetti a Petruccktf MG, et el. tow- 
doe* glutathione aornWetratJon in the prevention of 
dtplatln -indue ad peripheral neuropathy in rat*. 
Ntourotoxfcotogy 1994,-15:701 -4. 

t. Treracl airedkl S. Ftbbrice D, et at. Experimental 
dapWn neuronopethv « rat* rmddi* effect rfrvtrotc 
addadrnktonrJoa J Neifooncol 1998t38:31 -40. 

10. Tredlci G. 8reg* M, Nicollni G. et et Effect of 
recombinant human nerve growth factor on dsptatki 
neurotoxicity in rets. E*> Neurol 1999:159:561 -a 

It Mefer C DeVrfee EG, Marmirc* P, et at Ctspletirv 
induced DNA-platinetion in experiment*] dorsal root 
Ganglia neuronopathy. Neurotoxrcotogy 1999:20: 
883-7. 

12. Pitano C Pfateti G. Uccabue 0, et el . Pedtaxetand 
atpJatfcvlnduced neurotoxicity: a protective role of 
•cecvf-c-camttna. CIn Cancer Rea 2003.-9: 8786-87. 

13. Hauaheer F. Cevaie tti G,**dfd G, et d Oral and 
cntnrvonou* BNF7787 protect* rrgdrttt pift*x*n n»«- 
rotoddty without eivOrpand *» vnaj tumor protection, 
tocearfngs of the 90* AACR Meeting: PtdarJafrdsa. 
PA; 1999. pp. 398. 

14. Cavtlett) G. Memwoi P. Chrrrnothera py- induced 
peripheral neurotoxicity. Export Opin Drug Saf 2004: 
3:535-48. 

IB. CsrnpanavVM. Myers RR. Erytrvoporet* end Mytfv 
ropoieiJn receptor* in the peripheral nervous system: 
chengee after nerve injury. PASEB J 2001;15:1804-8. 

18. Cempen* WM, Myers RR Exogenous erythropaie- 
tlnr^tecfsagattstoprsairooTgBng^ 
P*m folowrng peripheral rwve injury. Eur J Naurotci 
2003.18:1497-806. 

17.rX»r^SCBo*ienSog*jURscherA.« 



endogenous erythropoietin mediated pathway 
prevents axonei degeneration Ann Neurol 2004:88: 
815-26. 

It. Oigicaylrogru M, Upton SA. crythrppoietxn. 
mediated neuroprotection involves crosswalk 
between Ja*2 and NF-«B signaling casced**. 
Nature 2001412:041 -7. 

19. Sren AL Prate* M. Brines M. at at Erythropoietin 
prevent* neuronal ipoptosis after cerebral i*chemia 
and metabolic strese. Proc Natl Acad Sci U S A 
200198:4044-9. 

20. Brines ML Ghsxii P. Kaenan SL et at erythropoietin 
cross** the blood-brain barrier to protect against 
experimental brain injury. Proc Natl Acad Sci US A 
200*97:10926-31. 

21. Erbayraktar a Grasso G. Sfacteria A. et etAddow* 
ythropoiatin t* a non*rythropoiettc cytokine with 
broad neuroprotective actMtya>«n«.Pnx Natl Acad 
Sci USA 2003.100:6741-6. 

22. BiancN R, Buyukaidfi 8, Brinee M. Erythropoiebn 
both protects from and reverses experimental de- 
bet* neuropathy Proc Nad Acad Sd U S A 2004; 
101:823-* 

29. Omen D. valctn S, Nurtu Q,ttH. bythropoiadn 
against dsplatsvmduced peripheral neurotoxicity m 
rat*. Med Oncol 2004:21:197-203. 

24. Nat** A.1b*chi E, Bsfctowag S. H*oma*ocdt type 2 
dfcbet**, and •nrJo*h*sunvdrro*nrJarrt vasodilation 
of resistance vessels. Eur Heart J 2006:28:484 -71. 

29. GuaschningT. Ruschitifca F. Stattmach T, et a). 
Erythropoietin-tnduced excetalve erythrocytoais 
activates the tissue eno^thelnsyslm in mice, PASEB 
J 2003;17:259-81 

2t. fa*ohhzfca FT. vv*ng«r RH StdfcnachT *r at Nrtnc 
oxide prevents card bve e culer raeeeee and detenrtnea 
survhraJ In potyglobuflc mice ovarnjxpressJngerythro- 
poiedn. Proc NatJ Aced Sci U SA 2000^7:11609 -11 

27. Um VS. Recombinant human erythropoietin in 
predulysis partem*. Am J Kidney Or* 199^18:34-7. 

28. V*ret B, Ca**devatl N. Lacombe C. Nayeeux P. 
ErythropoirrrJn. pny*ic4ogy and clnteal experience. 
Semin Hematd 1990;27:28-31 

2*. Bolremeyer C, Aapro MS* CounS A. et at EORTC 
guidaUne* for die us* of erythropoietic proteins In 
anaemic patients witii cancer. Eur J Cancer 2004:40: 
2201-18. 

30. Ldst M. Ghezal P. Graaso G. at el. Derivatives 
of •rythroporetin that ate tissue protective but not 
en/thropoietrc. Science 2004309:239-41 

81. Cevaietti a 6rage M. Donde E, et el. Effect of 
recombinant human NGP or GONF on ciaplatln 
neiaotoxfctty in rata, ltd J Anat Embryof 1999^04:88. 

32. Ceeclnu S, CordeH* L. Del Ferro E. el at 
Neuropfotacihre effect of reduced gluuthione on 
cr*pletin-b***d chemotherapy in advanced gastric 
cancer: a randomized double- blind placebo, 
cortiolad triatJ On Oncd 199513:28-32. 

33. Laurie G. Lombardi R. Sorgne M. et d. bmsepiderw 
i*>m dfm*y in m kxxfd: neuop*thotog- 



to-neumphysiotogfc caraittion. J Pariphar Nerv Syst 

2005f10 199- 20S. 
34. Apfd SC Arazzo JC La>*on L. KessJer JA. Norvo 

growth factor prevents ejipenmentd c hpfaron neurop> 

athy. Ann Neurd 199^31:78 -8a 
38. ApfelSC Up*3nRft ArezzoX. KosstorJA. Nerve 

growth factor prevents toxic neu/opattry in rnica Am 

Neurol 199 129 87-90 
38. Wang MS. Davis AA. Culver OG. et at CaJpein 

tnhibrtion protect* against Taxd- induced eermory 

neuropathy. Brain 2004:127:871 .9. 
37. McArthwr JC. Stock* EA. Hauer P. et at Epid*r> 



and diagnostic efficiency. Arch Neurol 1998.55. 
1513- 2tt 

38. Laurie G. McArthur JC Nauer PC, et al Neuro- 
pathdogicd *h*raoon* in dabstte truncal neuropa- 
thy: evaluation by skin biopsy, j Neurol Naurosurg 
PtyohJatry 1898358:782-8. 

39. Polyoafkr* M, Heuar P. Sheth a et at The time 
course of eprdarrnd nerve fibre regeneration: atuoV 
ie* in norrnd caratob end in people with rJabala*. 
with and without neuropathy. Brain 2004:127: 
1608-18. 

40. Buemi M, Cavataro $ Roocad F, et at ThorjroJotro- 
p« effecte of *rythropoletln In the central nervous 
syssxm. J Neuropathoi Exp Neuroi 2003^2. 228-38. 

41 Srrjounasft Safab S. SigounssVY Eryttsopoiatin 
rnoddate*froar*Jcent»activt>ofc 
drugs in a murine rung cancer model. Cancer Lett 
2004^14:171-9. 

42. Ehrervdch K HeudMatt M, Dernbowski C. et d. 
Erythropoietin therapy for acute stroke is both safe 
af^bertefrdd. Md Med 20023:495-505. 

43. Ofgir^yfiogJu M. Garden G.TImb*rt*k* S, et al. 
Acut* rvsurocrotective eynergy of evythroporctin end 
iimrjavito growth factor t Proc Natl Acad Sd U S A 
2004.101:9858-60. 

44. Grodbergj, Davie KL. Sykowdd AJ. Abnrv* scan- 
ning mutag en ed a of human arythiostoretin rotentifssa 
four amino adds which era crftlcdforbrdogtedacthr. 
«ty. EurJBaxhem1993:218:B97-601 

45. Mun KC GotoerTA. erpairad Uorodcal ectivity of 
orvitwcpoierin by cvanit* caibrrniytsrton. Biood Pu/tf 
200018:13-7. 

46. Sauk* R. Kozutsumi H.Tak*ucN M. As ■no K. 
Cherried modification of erythropoietin: an increase 
in « v*o activity by guarttfnatton. Biochkn Brophys 
Acta 199041038:128-9. 

47. Ratr*jAE.Hypenenmbloodv^ 

vascular morbidity In renal faBure: rmpficatons of 
erythropoietin therapy. Lancet 1988.1:97 -100. 

48. Stofsawetz PJ, Ozirlo L Hejgovrdh N. et at Effects 
of rrryttsopoiatin on ptataiat reactivity and thiornbo- 
porede in humans. Blood 200026:2983-9. 

48. BVinee M. Grasso G. Bordaaso F. et al l3ryihropde> 
t)n medate* tssue p^t»ction through an arytfvtxx**- 
tin *nd common p-rjubunit heteroreceptor. Proc Ned 
Aced Sd U S A 2004:101:14907 -12. 



Clin Cancer Res 2008,12(8) April 15, 2006 



2612 



www.aacriournabJ.ofg 



M0O0S1765.OO9 



C00024652 



The FASEB Journal • Research Communication 



Human hair follicles are an extrarenal source and a 
nonhematopoietic target of erythropoietin 
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ABSTRACT Erythropoietin primarily serves as an es- 
sential growth factor for erythrocyte precursor cells. 
However, there is increasing evidence that erythropoi- 
etin (£PO)/£PO receptor (EPO-R) signaling operates 
as a potential tissue-protective system outside the bone 
marrow. Arguing that growing hair follicles (HF) are 
among the most rapidly proliferating tissues, we have 
here explored whether human HFs are sources of EPO 
and targets of EPO-R-mediated signaling. Human scalp 
skin and microdissected HFs were assessed for EPO 
and EPO-R expression, and the effects of EPO on 
organ-cultured HFs were assessed in the presence/ 
absence of a classical apoptosis-inducing chemothera- 
peutic agent Here, we show that human scalp HFs 
express EPO on the mRNA and protein level in situ, 
up-regulate EPO transcription under hypoxic condi- 
tions, and express transcripts for EPO-R and the EPO- 
stimulatory transcriptional cofactor hypoxia-inducible 
factor- la. Although EPO does not significantly alter 
human hair growth in vitro, it significantly down-regu- 
lates chemotherapy-induced intrafollicular apoptosis 
and changes the gene expression program of die HFs. 
The current study points to intriguing targets of EPO 
beyond the erythropoietic system: human HFs are an 
extrarenal site of EPO production and an extrahema- 
topoietic site of EPO-R expression. They may recruit 
EPO/EPO-R signaling e.g., for modulating HF apopto- 
sis under conditions of hypoxia and chemotherapy- 
induced stress.— Bodo, E., Kromminga, A., Funk, W., 
Laugsch, M, Duske, U., Jelkmann, W., Paus, R. Human 
hair follicles are an extrarenal source and a non- 
hematopoietic target of erythropoietin. FASEB L 21, 
3346-3354 (2007) 

Key Words: anagen hair follicles • tissue protection • hemoglo- 
bin alpha-1 • kinesin light chain 3 • aminase oxidase • calme- 
gin • RAS-like family 10 

The glycoprotein hormone erythropoietin (EPO) 
serves as an essential viability and growth factor for 
erythrocyte precursor cells (1-5). EPO is the main 
regulator of maintenance of the blood cell mass by 
stimulating the proliferation and differentiation of 
precursor cells and by inhibiting apoptosis of erythroid 
cells in the bone marrow (1-5). 



The classical site of EPO synthesis is peritubular 
interstitial cells of the kidney when stimulated by hyp- 
oxia (1, 2, 6, 7), A primary mediator of hypoxia- 
induced EPO gene expression Is the hypoxia-inducible 
dimeric transcription factor 1 (HIF-1 a/0; refs. 1, 8, 9). 
However, HIF-la and HIF-10 mRNAs are continuously 
produced and remain essentially unaltered by the in- 
duction of hypoxia (1, 10, 11). Instead, oxygen sensing 
and activation of the EPO gene are initiated by post- 
translational modifications of the HIF-la protein (1). 
EPO activates a specific receptor [erythropoietin recep- 
tor (EPO-R)] of the cytokine receptor gene family, the 
(mainly Jak2 and STAT5-mediated) signaling of which 
is thought to chiefly induce changes in gene expression 
that result in inhibition of the proapoptotic machinery 
of EPO-R expressing target cells, thereby suppressing 
apoptosis (1, 2, 5-7). 

Recently, however, it has surfaced that the apoptosis- 
inhibiting property of EPO is not restricted to erythro- 
poietic cells and that apoptosis in several other tissues 
can be suppressed by EPO. Apparently, EPO serves as a 
potent paracrine-autocrine cell-protective factor pro- 
tecting from, for example, ischemia-induced apoptosis 
(1, 3, 4). One of the best studied fields is the nervous 
system (1, 3, 4): functional EPO-R have been demon- 
strated on neuronal cells (1, 12, 13), and application of 
EPO has neuroprotective effects in in vivo animal 
studies (14-17) via regulation of, for example, bcl-x L 
(18), an antiapoptotic factor. EPO even may reduce 
infarct size and may improve recovery of stroke patients 
(16, 19). Also, human recombinant EPO was reported 
to prevent Iipopolysaccharide-induced apoptosis in bo- 
vine pulmonary artery endothelial cells (20) and to 
reduce necrosis and apoptosis during experimental 
injury in the kidney in vivo (21). Furthermore, human 
fetal liver, placenta, retina, and adrenal cortex all have 
been reported to express EPO, respectively, EPO-R 
(22). 
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Whether or not EPO/EPO-R signaling plays a role in 
human skin biology and pathology is as yet unknown. 
Recombinant, subcutaneously administered human 
EPO has been applied successfully to enhance wound 
healing in the skin of C57BL/6 mice, where EPO 
increased significantly the area of reepithelialization 
and accelerated die wound closure in deep-dermal 
second burn (23). Selzer ei al (24) reported EPOR 
expression in transformed human melanocytes in vitro 
but not in normal neonatal and adult primary human 
melanocytes. In contrast, Kumar ei al (25) have de- 
scribed highly expressed EPOR and very weak, if any, 
EPO signals by Western blotting and immunocyto- 
chemistry in cultured human primary melanocytes. 
Note, however, that the non-specific C-20 antibody 
against EPO-R (26) was used for the latter study. 
Recently, an antibody that reportedly recognizes the 
soluble form EPOR was claimed to demarcate immu- 
noreactivity in cutaneous mast cells (27). Very recently, 
LeBaron etal (28) demonstrated that hair follicle (HF) 
dermal papilla fibroblasts are EPO target cells and 
respond to EPO treatment by an activation of EPO-R 
signaling. Thus, the cutaneous targets of EPOinduced 
signaling and whether mammalian skin expresses spe- 
cific EPOR and/or its ligand in situ remain unclear. 

Arguing that growing (anagen) HFs are among the 
most rapidly proliferating and most damage-sensitive 
tissues in the human body (29, 30), we have here 
explored whether human HFs are sources of EPO 
expression and targets of EPOR-mediated signaling. 
Matrix keratinocytes of human anagen VI HFs are 
characterized by a very high proliferative potential (29) 
and must be perfused entirely via the HF mesenchyme. 
Therefore, they may continuously experience condi- 
tions of relative hypoxia and have even been claimed to 
primarily resort to anaerobic glycolysis to meet their 
energy requirements (31). 

To investigate the EPO/ EPOR system in the skin 
and HFs has become particularly important since hu- 
man skin and human pilosebaceous units operate as 
endocrine organs that synthesize classical (neuro) en- 
docrine messengers (TSH, CRH, ACTH, a-MSH, pro- 
lactin, and melatonin; refs. 32-39) and display a fully 
functional peripheral equivalent of the central hypo- 
thalamic-pituitary-adrenal stress response axis (36, 40). 

Here, we show that normal human skin joins the 
growing list of tissues that recruit the EPO/ EPOR 
system for cell protection and that healthy human HFs 
are an extrarenal site of EPO and an extrahematopoi- 
etic site of EPOR expression. 



MATERIALS AND METHODS 

HF organ culture and hypoxia treatment 

Anagen VI HFs were isolated from normal human scalp skin 
obtained after written patient consent from healthy females 
undergoing routine face-lift surgery for cosmetic purposes as 
described previously (41), adhering to Helsinki guidelines. 
HFs were microdissected and organ-cultured as described 



previously (39, 41, 42). Isolated HFs were maintained in 
supplemented, serum-free Williams' E medium (Biochrom, 
Cambridge, UK) supplemented with 2 mmol/1 i.-glutamine 
(Invitrogen, Paisley, UK), 10 ng/ml hydrocortisone (Sigma- 
Aldrich, Taufkirchen, Germany), 10 u.g/ml insulin (Sigma- 
Aldrich), and 1% antibiotic/antimycotic mixture (I00X, Life 
Technologies, Germany, Karlsruhe). HFs were first incubated 
overnight, and the next day medium was exchanged and 
vehicle (culture medium)/EPO (100 U/ml, Epoetin beta; 
Roche/Boeh ringer Mannheim, Mannheim, Germany) was 
added to each well. HFs were treated over 9 days, and hair 
shaft length measurements were performed every second day 
on each individual HF, using a Zeiss inverted binocular 
microscope with an eyepiece measuring graticule. 

In selected experiments, microdissected HFs were first 
cultured under normoxic conditions (humidified atmo- 
sphere at S7°C, 5% CO, 2 , and 95% air; ref. 43) for 12 h. Then, 
HFs were placed in an InvivO a 400 hypoxia workstation 
(Ruskinn Technology, Leeds, United Kingdom) with a gas 
mixture of 3% 0. 2 , 5% C0 2 , and balance N 2 for additional 
24 h to induce conditions of relative hypoxia (43). 

Apoptosis induction in human HFs by chemotherapy 

To explore potential cytoprotective effects of EPO, HFs were 
first incubated overnight without any treatment, and the next 
day (day I) medium was exchanged and vehicle (culture 
medium)/EPO (100 U/ml) was added to each well. After 
24 h preincubation, HFs were cotreated with the key toxic 
metabolite of the potent alopecia-inducing cytostatic agent 
cyclophosphamide [ 4-h yd rope roxycyclophosph amide (4-HC), 
Niomec, Bielefeld; refs 44, 45] for 4 days. In this assay system, 
we had previously shown that keratinocyte growth factor 
(FGF7) operates as a potent cytoprotective agent (45). 

Immunohistochemistry and quantitative immunohistology 

For the detection of EPO in human scalp skin, the highly 
sensitive EnVtsion (Dako, Glostrup, Danmark) technique 

(46) was performed. The staining specificity was verified 
using human kidney cryosections as positive control. Acetone- 
fixed, 8 u,m thick cryoslides of human scalp skin were 
preincubated with 10% normal goat serum (in TBS, Dako) 
for 20 min and then incubated with a rabbit anti-human EPO 
antiserum (1:50 in TBS, generated by hyperimmunization of 
rabbits with recombinant human EPO) overnight at 4°C. 
Slides were then treated with the En Vision secondary anti- 
body solution (Dako, 45 min) against rabbit/mouse immu- 
noglobulin followed by a counterstaining with hematoxylin 
(Sigma-Aldrich). Negative control experiments were per- 
formed by omitting primary antibody and by the absence of 
EPO immunoreactivity in sections showing human kidney 
epithelium. Instead, specific immunoreactivity in peritubu- 
lar/ interstitial kidney fibroblasts was used as a positive control 
(see Fig. LA). 

For detection of experimentally induced apoptosis, the 
terminal dUTP nick end-labeling (TUNEL) staining was 
performed, using murine spleen sections as positive control 

(47) . Cryostat sections were fixed in paraformaldehyde and 
ethanol-acetic acid (2:1) and were labeled with digoxigenin- 
deoxyUTP (ApopTag Fluorescein In Situ Apoptosis detection 
kit; Intergen, Purchase. NY, USA, 60 min, 37°C). The enzyme 
reaction was stopped (stop buffer. ApopTag Fluorescein In 
Situ Apoptosis Detection Kit), and slides were labeled with a 
FITC-conjugated antidigoxigenin antibody (Apoptosis Kit). 
Negative controls were performed by omitting TdT enzyme. 

For a simultaneous labeling of proliferating and apoptotic 
cells, the Ki-67/TUNEL double-staining was applied as de- 
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Figure 1. Normal human skin and hair follicles express EPO protein in situ. EPO immunoreactivity (EnVision technique) is 
localized to central outer root sheath (5) keratinocytes (ORS) of growing hair follicles and blood vessels (BV) of skin (Z>). All 
cell types of hair bulb (Q and epidermis were negative (A). Frozen sections of human kidney (£) served as positive (peritubular 
interstitial cells, open arrows) and negative (epithelial cells, arrow) control. NC = negative control (by omitting primary 
antibody); DP = dermal papilla; MK = matrix keratinocytes; HS « hair shaft; scale bars = 50 jtM. 



scribed earlier (42). Quantitative immunohistomorphometry 
was performed as desribed previously (39): Ki-67, TUNEL, or 
DAPI+ cells were counted in a previously defined reference 
region of the HF matrix, and the percentage of Ki-67 +/ 
TUNEL + cells was determined. 

Quantitative real-time polymerase chain reaction 

Total RNA was extracted from HF cultured under normoxic 
and hypoxic conditions, respectively, using the RNA easy kit 
(Qiagen, Hilden, Germany) and was reverse-transcribed us- 
ing random hexamers as primers and Transcriptor Reverse 
Transcriptase (Roche, Mannheim, Germany). A specific EPO 
cDNA fragment of 158 bp covering the region 537-694 
according to the most recent accession number of the Gen- 
Bank DNA databank was amplified by real-time polymerase 
chain reaction (PCR; 95°C for 10 min; 35 cycles of 95°C for 
10 s, 68°C for 10 s, 72°C for 16 s) using undisclosed primer 
pairs from LC Search (Heidelberg, Germany) . SybrGreen was 
used for staining of the PCR products. The amount of cDNA 
in all samples was standardized by the amplification of the 
housekeeping gene GAPDH (Roche, Mannheim, Germany). 
The specificity of the amplification reactions was assessed by 
a melting curve analysis. The second derivative maximum 
analysis of the relative quantification software package, ver- 
sion 1.0 (Roche), was used for a relative quantification of 
specific EPO PCR products. The PCR products were also 
visualized using a 0.7% agarose gel with ethidium bromide. 

ELISA analysis of secreted EPO in culture medium 

EPO in the supernatant of the cultured HFs was analyzed 
using a commercial sandwich ELISA from R&D Systems 
(Minneapolis, MN, USA). This ELISA makes use of an 
immobilized monoclonal murine catching antibody that 
binds EPO. The second polyclonal (rabbit) detecting anti- 
body is conjugated with horse-radish peroxidase and binds 
immobilized EPO. Before the analysis, HF culture superna- 
tant was up-concentrated 10-fold using centrifugal Microcon 
filter unit YM-I0 (cut-off 10 kDa; Millipore, Billerica, MA, 
USA). YM-10 filters were centrifuged at 14,000 ^for 10 min at 
room temperature. 

Microarray analysis of selected candidate genes 

Gene expression analysis of HFs from two different individu- 
als (both female) using Human Whole Genome Oligo Mi- 
croarray (44 K) was performed as a commercial service by 
Miltenyi Biotech GmbH (Cologne, Germany). Twenty HFs 
per group were treated with vehicle/EPO (100 U/ml) for6 h, 
and total RNA was isolated according to standard protocols 
(Trizol, Sigma-AJdrich). Quality of total RNA was controlled 



via the Agilent 2100 Bioanalyzer System. Linear amplification 
of RNA and hybridization of whole genome oligo microarray 
were performed according to Agilent's standard protocols. 
All compared test and control HFs were derived from one 
defined scalp skin region of the same donor, and the gene 
expression profiles of two donors were compared indepen- 
dently. 

"Differentially regulated" candidate genes were selected 
according the following rigid selection criteria: only those 
genes were further evaluated whose transcription had 
changed > 1.5-fold and with a lvalue of < 0.01, and this in an 
equidirectional manner (*.*, the transcription was signifi- 
cantly up- and down-regulated, respectively, in both individ- 
uals). In a separate analysis, those genes were selected whose 
transcription was substantially modulated (*.*, >5-fold, 
f<0.01) in HF RNA extracts of only one of the two examined 
patients (Table 1). 



RESULTS 

First, we asked, whether human scalp skin transcribes 
and translates EPO. As shown in Fig. 1, with the use of 
a specific antibody and human kidney sections as 
positive and negative control (Fig. M), EPO-Iike spe- 
cific immunoreactivity was mainly found in the HF 
epithelium and in large blood vessels (Fig. 1A-D): 
epidermal/follicular melanocytes did not seem to ex- 
press EPO. The most intensive staining was seen in 
central outer root sheath keratinocytes (Fig. Iff). 

Moreover, EPO was secreted into the culture me- 
dium as demonstrated by ELISA (data not shown). 
These microdissected human scalp HFs < —50 cell 
layers the central ORS/ follicle, 2.5X10 5 cells/experi- 
ment) secreted 2.4 mU/ml EPO protein into the 
medium after 48 h of organ culture under serum-free 
conditions (in comparison, the normal EPO concentra- 
tion in human serum is between 3-17 mU/ml; ref. 48). 

By qtiantitative, real-time reverse transcriptase (RT)- 
PCR, both EPO and EPO-R transcripts were detected in 
freshly microdissected hair bulbs of human scalp HFs in 
the growth phase of the hair cycle (anagen VI; ref. 29; 
Fig. 2A, H). We could also detect transcripts for HIF-lot, 
a main mediator of EPO production, in microdissected, 
organ<ultured human scalp HFs (Fig. 2; see Supple- 
mental Fig. SI). Since commercially available anti- 
EPO-R antibodies cannot reliably detect EPO-R antigen 
because of their low specificity and affinity (26), we 
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TABLE 1. EPO administration causes differential gene expression changes 







Accession 


Fold 


Abbreviation 


Sequence Description 


number 


Change 


LOCI 26536 


Homo sapiens hypothetical protein LOCI 26536 


N'M_00 1034966 


-27.1 


CTSZ 


Homo sapiens cathepsin Z 

Homo sapiens fatty acid binding protein 1 


NMJXH336 


-25.0 


FABP1 


NMJHH443 


-23.5 


PRDM14 


Homo sapiens PR domain containing 14 
Homo sapiens apolipoprotein B48 receptor 


NM_024504 


-20.6 


APOB48R 


NMJM8690 


-19.8 


TPH2 


Homo sapiens tryptophan hydroxylase 2 


NMJ7335S 


-18.6 


CHITI 


Homo sapiens chitinase 1 


NMJ)0S465 


-13.3 


PLCB2 


Homo sapiens phospholipase C, beta 2 


NM.004573 


-11.4 


RPS4Y1 


Homo sapiens nbosomal protein S4, Y*linked 


NM_001008 


-9.9 


MIA2 


Homo sapiens melanoma inhibitory activity 2 


NMJ)54024 


-9.9 


UCP2 


Homo sapiens uncoupling protein 2 


NMJM3355 


-9.4 


RBMY1E 


Homo sapiens RNA binding motif protein, Y-linked t family 1, member E 


NMJXH006U8 


-9.4 


CDW52 


Homo sapiens CDW52 antigen 


NM.001803 


-9.2 


KCNV2 


Homo sapiens potassium channel, subfamily V, member 2 


NNU33497 


-8.7 


ZNF409 


Homo sapiens tnRNA for KIAA1056 protein 


AB028979 


-8.4 


FBXL18 


Homo sapiens hypothetical protein FLJ1 1467 


NMJ)24963 


-8.3 


RPS4Y2 


Homo sapiens nbosomal protein S4, Y-l inked 2 


NMJ)01039567 


-8.0 


L3MBTL 


Homo sapiens mRNA for KIAA0681 protein 


AB014581 


-7.9 


LRRC21 


Homo sapiens leucine rich repeat containing 21 


NMJH5613 


-7.4 


SLC24A1 


Homo sapiens mRNA for KIAA0702 
Homo sapiens G antigen, family D, 3 


ABO 14602 


-7.3 


GAGED3 


NMJ30777 


-7.2 


CCL19 


Homo sapiens chemokine (C-C motif) Hgand 19 


NM_006274 


-7.1 


DNA12 


Homo sapiens mRNA for intermediate dynein chain 


AJ295276 


-7.0 


DDI1 


Homo sapiens DNA-damage inducible protein 1 


NM.001001711 


-6.9 


ADAMTS10 


Homo sapiens a disintegrin-like and metalloprotease (reprolysin type) 
with thrombospondin type 1 motif, 10 


NM.030957 


-6.8 


TM7SF4 


Homo sapiens DC-specific transmembrane protein 


NM.030788 


-6.8 


HK3 


Homo sapiens hexokinase 3 (white cell), nuclear gene encoding 
mitochondrial protein 


NM_002115 


-6.6 


CART1 


Homo sapiens cartilage paired-class homeoprotein 1 


NMJ)06982 


-6.6 


PDE6C 


Homo sapiens phosphodiesterase 6C, cGMP-specific, cone, alpha prime 


NM.006204 


-6.4 


AOC2 


Homo sapiens amine oxidase, copper containing 2, transcript variant 1 


NMJ)01158 


-6.3 


IL20 


Homo sapiens interleukin 20 


NMJH8724 


-6.1 


NM_001012763 


Homo sapiens gonadotropin-releasing hormone receptor, transcript 
variant 2 


NM.001012763 


-6.0 


TDGF1 


Homo sapiens teratocarcinoma-derived growth factor 1 


NMJJ03212 


-6.0 


LCP1 


Homo sapiens lymphocyte cytosolic protein 1 


NM_002298 


-5.6 


KCNH6 


Homo sapiens cDNA FLJ33650 fis, highly similar to Rattus norvegicus 
potassium channel 


NM.030779 


-5.4 




Homo sapiens PR domain containing 7 




—0.4 


FPR1 


Homo sapiens formyl peptide receptor 


NM.002029 


-5.3 


M27126 


Human lymphocyte antigen 


M27126 


-5.2 


PDLIM2 


Homo sapiens PDZ and LIM domain 2 


NM.176871 


-5.2 


CXGN 


Homo sapiens calmegin 


NM_004362 


-5.2 


EDN3 


Homo sapiens endothelin 3, transcript variant 2 


NM_207032 


+5.4 


LOC440040 


PREDICTED: Homo sapiens similar to Metabotropic glutamate receptor 


XM.495873 


+6.2 


PTPRB 


5 precursor 






Homo sapiens protein tyrosine phosphatase, receptor type 


NM.002837 


+6.6 


ABCA13 


Homo sapiens ATP binding cassette gene, sub-family A , member 13 


NM_ 152701 


+7.6 



Table lists genes whose transcription was substantially modulated by EPO treatment (>5-fo!d. f<0.0\) in HF RNA extracts of only one of 
the two examined patients. HFs were treated with vehicle or EPO (100 U/ml). and microarray analysis (Hitman Whole Genome Microarray; 
expression differences visualized by Agilent technique) was performed. Down-regulation = green, up-regulation = red. 



could not investigate the precise localization of EPO-R 
protein expression in the HFs. 

Since renal EPO production is primarily stimulated 
by hypoxia (1), we cultured HFs under hypoxic condi- 
tions and compared the EPO, EPO-R, and HIF-la 
steady-state transcript levels to the normoxic ones by 
quantitative real time PCR. Both HIF-1 and EPO-R 
steady-state transcript levels were unchanged under 
hypoxic conditions (Fig. 2; see Supplemental Fig. SI). 



However, there was a significant up-regulation of EPO 
mRNA in hypoxia-treated HFs (Fig. 2; Supplemental 
Fig. SI), suggesting that, just as in the kidney, EPO 
production in human HFs is inducible by hypoxia. 

Next, we investigated how EPO-R activation influ- 
ences key HF parameters, such as hair shaft elongation 
or proliferation/apoptosis of human hair matrix kera- 
tinocytes in situ under normoxic standard organ-cul- 
ture conditions. However, HFs treated with EPO for 9 
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Figure 2. Detection of EPO, EPO-R, and HIF-la mRNA by 
real-time PCR in extract isolated from microdissected hair 
follicles. A; Freshly microdissected and cultured HFs <n=30/ 
group) were analyzed by quantitative real-time RT-PCR for 
EPO. EPO-R, and HlF-lct. Organ cultured hair follicles 
up-regulate EPO but not EPO-R and HIF-la mRNA under 
hypoxic conditions (3% O a ). *P< 0.05; mean ± sk. B)PCR 
products for EPO and EPO-R were visualized on a 0.7% 
agarose gel with ethidium bromide (note that these PCR 
products are obtained at the very end of the PCR reactions 
(after 35 cycles). At that time point, concentration differences 
can not be observed.) M = marker; NOX = normoxia; 
HOX = hypoxia. 

days failed to show significant changes in hair shaft 
elongation (Fig. 3). Also, proliferation/apoptosis of 
hair matrix keratinocytes under standard culture con- 
ditions remained essentially unaltered after EPO ad- 
ministration (Fig. 3). 

In contrast, chemotherapy-induced intrafollicular apo- 
ptosis in situ was inhibited by prior and concomitant 
EPO administration (Fig. 4): When organ-cultured 
human anagen HFs were exposed to a key toxic metab- 
olite of the potent alopecia-inducing cytostatic agent 
cyclophosphamide [4-hydroperoxy<yclophosphamide 
(4-HC); 44, 45], the massive apoptosis induced in the 
HF epithelium by 4-HC was significantly reduced (from 
6.6±2.4 to 3.0±1.3) by EPO (as measured by quantita- 
tive immunohistomorphometry of TUNEL+ cells in 
the hair matrix; ref 39; Fig. 4). In view of the unavail- 
ability of sufficiently specific antibodies for the immu- 
nohistological detection of EPO-R protein, this finding 
also serves as indirect evidence that the detected EPO-R 
transcripts are translated into functionally active 
EPO-R. 

To obtain further evidence of EPO-R functionality 



and to search for previously unknown target genes for 
extraerythropoietic EPO-R-mediated signaling, we, fi- 
nally, subjected two independent sets of organ-cultured 
human scalp HFs (derived from 2 different, healthy 
female face lift patients) to DNA microarray after 
stimulation with EPO (100 U/ml; Fig. 5). This was 
performed as a commercial service (Human Whole 
Genome Oligo Microarray, Miltenyi), and rigid selec- 
tion criteria were employed to single-out "differentially 
expressed** genes. 

When only equidirectional expression changes in HF 
RNA extracts from both individuals with a P value of 
<0.01, and fold changes of >1.5 were accepted as 
strong indications for "differential gene expression," 
only two up-regulated and three down-regulated genes 
were identified: hemoglobin alpha- 1 (HBA1), kinesin 
light chain 3 (KLC3), aminase oxidase (copper contain- 
ing 2, AOC2), calmegin (CLGN) , and RAS-like family 
10, member B (RASL10B), respectively (Fig. 5). The 
complete list of genes whose expression changed mark- 
edly (5-27-fold) in at least one of two examined pa- 
tients is shown in Table 1. 



DISCUSSION 

Here, we provide die first evidence that normal human 
skin expresses EPO and functional EPO-Rs in situ and 
that human scalp HFs are important extrarenal sources 
and extrahematopoietic targets of EPO-induced signal- 
ing. We show that EPO protein is exclusively produced 
by outer root sheath keratinocytes of human anagen VI 
HFs and is secreted into the organ culture medium. In 
contrast to what has been reported for cultured mela- 
nocytes and melanoma cells (24, 25), neither epider- 
mal nor follicular melanocytes in normal human skin in 
situ showed convincing, specific immunoreactivity for 
EPO protein with the antibody employed here. 

As a prototypic neuroectodermal-mesodermal inter- 
action system (29), human HF organ culture offers 
itself as an instructive and physiologically relevant, 
novel research tool for dissecting the intriguing but still 
unclear extraerythropoietic functions of EPO in pe- 
ripheral tissues in the human system. Similar to its 
effect on kidney, liver, and brain (1, 49), hypoxia 
stimulated EPO production in human HFs in situ t 
suggesting that the latter utilize a classical hypoxia- 
sensing system employed elsewhere in the human body 
(7). Since we also show that HFs transcribe the main 
rt oxygen sensor" HIF-la, these cutaneous miniorgans 
may be able to detect insufficient O^ levels via the 
oxygen-dependent level of HIF-la. This may represent 
an important mechanism for regulating the metabolic 
balance of the extremely fast-renewing and proliferat- 
ing cell population of hair matrix keratinocytes. The 
regulation of HIF-la generally occurs by post-transla- 
tional modifications; hypoxic cells show an increase in 
HIF-la protein levels, while the HIF-la mRNA levels 
remain unchanged at low p0 2 (1, 50). We have here 
shown that, as described elsewhere (1, 50), HIF-la 
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Figure 3. EPO does not significantly influence hair shaft elongation and proliferation/apoptosis of matrix keratinocytes in vitro. 
A) Hair follicles were treated with vehicle/EPO (100 U/ml) and hair shaft length was measured every second day. P> 0.05; 
mean ± sk. B t C) Cryosections of cultured, vehicle/EPO treated hair follicles were double labeled with Ki-67(red)/ 
TUNEL(green) staining. Ki-67/TUNEL positive cells were counted below Auber's line (indicated in white) and percentage of 
positive cells was compared between vehicle and EPO-treated follicles. P > 0.05, mean i sk; scale bars = 50 u,m. 



transcription was not changed by hypoxia in organ 
cultured HFs at mRNA levels. This suggests that in- 
trafollicular HIF-lot production is regulated at the 
post-transcriptional level, as well. 

Although the precise role of intrafollicular EPO 
production for human HF biology remains to be fully 
explored, due to its potent antiapoptotic properties (3, 
4, 6), EPO may serve as an endogenous HF cytopro- 
tectant, similar to what has been reported for keratin- 
ocyte growth factor (45) or melatonin (38). It now 
deserves to be assessed whether EPO can be exploited 
clinically as an anti-hair loss agent, for example, in 
chemotherapy-induced alopecia. Our data provide fur- 
ther evidence for the emerging concept that EPO may 
play a role as a general protective factor (wound 



healing, chemotherapy-induced apoptosis) for the skin 
(2, 3. 23. 45). 

Furthermore, in the light of the previously reported 
wound healing-promoting effect of EPO (23), it is 
intriguing to ask whether HF-derived EPO may also 
serve to facilitate wound healing. Not the least in view 
of the fact that HF-derived keratinocytes are a major 
cell source for reepithelization during wound healing 
(51) and that the HF connective tissue sheath is a likely 
source for granulation tissue formation (52), this pos- 
sibility deserves systematic further analysis. 

As shown by microarray analysis, EPO administration 
changed the gene expression (hemoglobin alpha-1, 
kinesin light chain 3, aininase oxidase, calmegin, and 
RAS-like family 10) program of human HFs. Although 
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Figure 4. EPO (100 U/ml) reduces the mas- 
sive apoptosis induced by the cyclophospha- 
mide metabolite 4-hydroperoxycyclophospha- 
mide (4-HC), HFs were incubated overnight 
without any treatment, the next day (day I) 
medium was exchanged and vehicle (culture 
medium)/EPO (100 U/ml) was added to 
each well. After 24 h preincubation, HFs were 
cotreated with key toxic metabolite of the 
potent alopecia-inducing cytostatic agent 
4-HC for 4 days. Apoptotic cells were detected 
by TUN EL immunostaining (green). EPO 
reduced number of apoptotic cells after 4-HC 
treatment. Scale bars = 30 u,m; n ~ 10 
HFs/group. 
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Figure 5. EPO administration causes differential gene expres- 
sion changes. HFs of 2 different female donors (HF1 and 
HF2) were treated with vehicle or EPO (100 U/ml) and 
microarray analysis (Human Whole Genome Microarray, 
Mihenyi; expression differences visualized by Agilent tech- 
nique) was performed. When only genes with equidirectional 
changes in both individuals were included, where, in addi- 
tion* P value was <0.01 and fold-changes were >1.5, five 
differentially regulated genes were identified: hemoglobin 
alpha-1 (HBA1), kinesin light chain 3 (KLC3), aminase 
oxidase (copper containing 2, AOC2), calmegin (CLGN), 
and RAS-like family 10, member B (RASL10B). The genes 
whose transcription changed substantially (5-27-fold, 
F<0.01) in only one patient are listed separately in Table 1. 

the newly identified candidates as EPO-target genes 
and their functional significance need to be confirmed 
and clarified in further experiments, our results invite 
one to speculate on the potential involvement of some 
of these novel EPO-target genes in skin or hair biology. 
For example, kinesin molecules are involved in mela- 
nosomal movement along melanocyte dendrites (obli- 
gate event of the maintenance of the skin color) (53). 
In addition, the down-regulation of RAS10B, a new 
member of the Ras superfamily with tumor suppressor 
potential (54), may be related to the antiapoptotic 
features of EPO. Furthermore, here we provide the first 
evidence that, beyond expressing the beta globin gene 
(55), HFs, unexpectedly, transcribe the alpha chain of 
hemoglobin and that this transcription is upregulated 
by EPO. 

When the genes whose transcription was markedly 
modulated in only one of the two examined patients 
(Table 1) are included as candidate EPO-target genes 
in human HFs, our results point to several genes coding 
for enzymes or receptors with relevance to skin neu- 
roendocrinology. One of the most interesting is trypto- 
phan hydroxylase 2 (TPH2). TPH (TPH1) plays a 
pivotal role in the synthesis of serotonin as catalyzer of 
the rate-limiting step of the serotonin synthesis in the 
skin [as reviewed by Slominski ei aL (56) J. TPH and also 
serotonin and serotonin receptor were described to be 
expressed in whole human, C57BL/6 mice and ham- 
ster skin and several cultured skin cells (HaCaT cells, 
melanocytes, and melanoma cell lines; refs. 56-58). 
Furthermore, serotonin is involved in human skin 
physiology as regulator of cell proliferation, vasoactive 



agent and immune modulator (56). TPH 2 has been 
described to localize to the central nervous system and 
not to the skin (56). Here we provide the first evidence 
that TRH 2 is translated by human HFs and its expres- 
sion is inhibited by EPO. This raises the intriguing 
question of whether, for example, EPO influences the 
serotoninergic system via modulation of TPH 2 tran- 
scription. 

Naturally, these analyses do not allow one to con- 
clude whether EPO modulated the intrafollicular ex- 
pression of these genes directly or indirectly, for exam- 
ple, by changing the secretion or surface expression of 
molecules, which then implemented the observed dif- 
ferential gene expression. Nevertheless, these data 
clearly demonstrate that the stimulation of normal, 
EPOR-expressing human scalp HFs with EPO elicits 
defined and reproducible gene expression changes, 
thus providing further evidence for the functional 
activity of HF EPO-R. Last but not least, these initial 
microarray data indicate that human HF organ culture 
offers an excellent discovery tool for identifying novel 
EPO target genes in peripheral tissue biology, as a key 
element in the ongoing endeavor to explore nonclassi- 
cal EPO functions in the human system. (g] 
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The cytokine erythropoietin (Epo) is tissue-protective in preclinical 
models of ischemic traumatic toxic and inflammatory injuries. We 
have recently characterized Epo derivatives that do not bind to the 
Epo receptor (EpoR) yet are tissue-protective. For example, car* 
bamylated Epo (CEpo) does not stimulate erythropoiesis, yet It 
prevents tissue injury in a wide variety of in vivo and in vitro 
models. These observations suggest that another receptor is re- 
sponsible for the tissue-protective actions of Epo. Notably, prior 
investigation suggests that EpoR physically Interacts with the 
common 0 receptor (0cR), the signal-transducing subunit shared by 
the granulocyte-macrophage colony stimulating factor, and the 
IL-3 and IL-5 receptors. However, because pcR knockout mke 
exhibit normal erythrocyte maturation, 0cR is not required for 
erythropoiesis. We hypothesized that 0cR in combination with the 
EpoR expressed by nonhematopoietic cells constitutes a tissue- 
protective receptor. In support of this hypothesis, membrane 
proteins prepared from rat brain, heart liver, or kidney were 
greatly enriched in EpoR after passage over either Epo or CEpo 
columns but covalently bound in a complex with pelt Further, 
antibodies against EpoR coimmunoprecipitated 0cR from mem- 
branes prepared from neuronaMike M9 cells that respond to 
Epo-induced tissue protection, tmmunocytochemical studies of 
spinal cord neurons and cardiomyocytes protected by Epo dem- 
onstrated cellular cotocalization of Epo ficR and EpoR. Finally, as 
predicted by the hypothesis, neither Epo nor CEpo was active in 
cardiomyocyte or spinal cord injury models performed in the 0cR 
knockout mouse. These data support the concept that EpoR and 
pcR comprise a tissue-protective heteroreceptor. 

Erythropoietin (Epo) is a cytokine characterized by remark- 
able tissue-protective activity in preclinical models of neu- 
ronal, retinal, cardiac, and renal ischemic injury (reviewed by 
Grasso et al in ref. 1). A recent positive clinical study showing 
that administration of recombinant human Epo (rhEpo) benefits 
stroke patients (2) provides hope that additional translation 
from preclinical models of tissue protection into other human 
diseases will occur. The broad efficacy of Epo observed in model 
systems depends on Epo's key role in multiple protective path- 
ways activated in many diseases, including an inhibition of 
apoptosis, restoration of vascular autorcgulation, attenuation of 
inflammatory responses, and augmentation of restorative func- 
tions, including the direct recruitment of stem cells (1). 

The signaling pathways in these responses have not been 
fully clarified but are known to involve multiple second 
messenger systems (reviewed by Ghezzi and Brines in ref. 3). 
Notably, the results of previous studies have shown that the 
affinity of Epo for the neuronal-type receptor is substantially 
lower than that of Epo for the red-cell precursor receptor 
homodimer (EpoR) 2 (4). Further, neuronal proteins associ- 
ated with Epo in cross-linking studies are smaller than those 
isolated from bone marrow (5). Finally, our recent work 
identifying Epo derivatives that lack hematopoietic activity yet 
retain full tissue protection confirm the distinct nature of the 
tissue-protective Epo receptor (EpoR) (6). 

vwrw.pnas.org/cgl/dol/lO. I073/ona$.040649 1 1 01 



Several laboratories have previously reported a physical 
association (7) and functional interaction (8) of EpoR with the 
common 0 receptor (0cR) subunit, also known as CD131, 
which provides increased ligand-binding affinity to the recep- 
tor complex and is also the signal-transducing component 
common to the granulocyte-macrophage colony stimulating 
factor (GM-CSF), IL-3, and IL-5 receptors (reviewed in ref. 9). 
However, the significance of these observations was ques- 
tioned when it was shown that /3cR knockout mice exhibit 
normal hematopoiesis (10). 

In light of the successful separation of Epo hematological and 
tissue-protective activities, we reassessed the relationship be- 
tween EpoR and /3cR in tissues exhibiting Epo protection as a 
potential explanation of how a nonerythropoietic Epo initiates 
tissue protection. A number of studies involving cells within the 
CNS, including microglia, have reported expression of /3cR and 
responsiveness to IL-3, IL-5, and GM-CSF in vivo and in vitro 
(11), indicating that /3cR is functionally present in brain cells. 
Other tissues, however, have not been examined for coexpres- 
sion of EpoR and /3cR. In the present communication, we 
demonstrate that EpoR and pcR are coexpressed in Epo- 
sensitive cells within protected tissues. Moreover, EpoR and /3cR 
copurify on a variety of affinity resins and in immunoprecipita- 
tion experiments. Finally, Epo is not tissue-protective in the /3cR 
knockout mouse. Together, these results are consistent with a 
model wherein tissue protection is mediated through a hetero- 
receptor complex comprising both EpoR and 0cR. 

Methods 

Animals. All protocols were approved by the Animal Use and 
Care Committee of the Kenneth S. Warren Institute in accor- 
dance with the directives of the Guide for the Care and Use of 
Laboratory Animals. The /3cR knockout mice used for these 
experiments are described in ref. 10, and we thank L. Robb 
(Royal Melbourne Hospital, Victoria, Australia), C. G. Begley 
(Amgen), J. A. Whitsett (Children's Hospital Center, Cincin- 
nati), and W. Hull (Children's Hopsital Center, Cincinnati) for 
providing this strain. Confirmation of /3cR-/- was accom- 
plished for each mouse by PCR genotyping with primers de- 
scribed in ref. 10. Control strain-matched, wild-type mice (C57/ 
BL6) and Sprague-Dawley rats were obtained from Taconic 
Farms. 



Abbreviations: 0cK common fi receptor; Epo, erythropoietin; CEpo. car bamylated Epo; 
EpoR. Epo receptor; GM-CSF. granulocyte-macrophage colony stimulating factor; rhEpo, 
recombinant human Epo. 
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Materials. All reagents not specified were of the highest purity 
and obtained from local suppliers. Carbamylated Epo (CEpo) 
was prepared as described in ref. 6 and confirmed to be 
nonerythropoietic at concentrations up to 10 jig/ml by using 
TF-1 and UT-7 cells. Epo was a generous gift from Dragon 
Pharmaceuticals (Vancouver). 

Immimocytochemistry. Animals were perfused with 4% parafor- 
maldehyde, and tissues were removed, embedded in paraffin, cut 
into 6-Mm-thick sections, and processed as described in ref. 12. 
Antibodies used (0cR: K-17, N-20; EpoR: M-20, H194) were 
obtained from Santa Cruz Biotechnology. 

Affinity Purification of Cell Membranes. Epo and CEpo columns 
were prepared by adding 3.5 mg of recombinant protein to 
cyanogen bromide-activated Sepharose 4B in a conical tube and 
slowly rotating it at 4°C for 48 h. Efficiency of coupling (« 100%) 
was determined by U V spectrometry of the supernatant. Mem- 
branes obtained from freshly dissected organs from normal rats 
were minced and homogenized in phosphate buffer with a 
protease inhibitor mixture of phenylmethylsulfonylfluoride (I 
mM) and aprotinin (10 ng/m\). After centrifugation (30 min at 
15,000 x g in microfuge tubes), the supernatant was passed over 
a lentil lectin Sepharose 4B column (Amersham Biosciences). 
Retained glycoproteins were eluted by a-methylmannose (10 
jiM) and subsequently analyzed by Western blotting or affinity 
purification over Epo or CEpo columns. 

EpoR fmmunopredpltatfort PI 9 cells were grown to 70% conflu- 
ence as described in ref. 13, treated with 10 ng/ml Epo or saline 
for 15 min, and detached by gently swirling the flask. The cells 
were collected by centrifugation (7 min at 1,000 x g) and 
resuspended in lysis buffer [Tris-buffered saline with protease 
inhibitors phenylmethylsulfonylfluoride (1 mM) and aprotinin 
(10 /xg/ml), 2 mM CaCI 2 , 1% Triton, and 1% Nonidet P-40]. 
Freezing and vortexing were avoided. After removal of cellular 
debris by centrifugation for 10 min (1,000 x g), the lysate was 
diluted to a final concentration of *»1 mg of protein per ml and 
was incubated with protein A Sepharose (10 **l of drained gel per 
ml; Amersham Biosciences) for 1 h at room temperature to 
reduce nonspecific binding. The supernatant was then incubated 
with protein A Sepharose (10 jtl of gel per ml) that was 
previously coupled to the antibody for 1 h and then washed three 
times with lysis buffer. Either an antibody against the common 
/3 chain (K17, Santa Cruz Biotechnology) or a mixture of two 
antibodies against EpoR (M20 and H194, Santa Cruz Biotech- 
nology) at a final dilution of 1:200 was used for an overnight 
incubation at 4°C. The protein A Sepharose beads, either alone 
(nonspecific) or antibody-coupled (specific), were then washed 
five times with low-detergent lysis buffer (the same as above but 



containing 0.5% Triton without Nonidet P-40), and bound 
proteins were dissociated by the addition of 30 /il of 2x Laemmli 
sample buffer with 5% 2-mercaptoethanol and run on a 10% 
SDS/PAGE. Immunoblotting was performed with either the 
antibody against /3c R (K17, Santa Cruz Biotechnology) or an 
antibody against EpoR (H194, Santa Cruz Biotechnology) at 
1:200 and with 1:50,000 anti-rabbit horseradish peroxidase sec- 
ondary antibody (Sigma) and was detected by the ECL Pius 
system (Amersham Biosciences). 

Spina) Cord Injury. Spinal cord compression in mice was per- 
formed by using a slight modification of the protocol of Fa- 
rooque (14) under isoflurane anesthesia and a controlled core 
temperature of 35-37°C. Briefly, C57/BL6 wild-type or 0cR 
knockout mice (15) of 8-16 weeks of age (10 animals per group) 
were subjected to a T3 laminectomy, and a 2-mm stainless steel 
rod (15 g) was then applied to the dura with a micromanipulator 
for 4 min. A single dose of CEpo or Epo (10 jig/kg) was 
administered i.p. immediately after injury. During recovery, 
animals were assessed in a blinded fashion by using the scoring 
system of Basso et al (16) and of Tarlov (17). The bladders were 
manually expressed twice daily for each animal until neurogenic 
function developed, usually by 10 days. 

Isolated Ventricular Cardio myocytes in Primary Culture. Left ven- 
tricular card to myocytes were isolated from adult wild-type C57/ 
BL6 or 0cR knockout mice (15) as described in ref. 18. Briefly, 
hearts were perfused via the aorta with collagenase buffer (type 
II, Worthington) gassed with 85% 0 2 and 15% N 2 at 3TC. Left 
ventricular myocytes were then isolated by mechanical dissoci- 
ation, separated by differential centrifugation, plated on lam in in- 
coated dishes, and maintained in minimum essential medium 
with Hanks' salts and L-glutamine. One hour after plating, the 
medium was changed, and Epo (100 ng/ml) or control buffer was 
added to the myocytes in a blinded fashion 30 min before 
apoptosis was triggered by staurosporine (0.1 jiM; Sigma). After 
16 h of incubation, cardiomyocytes were fixed and processed for 
In situ terminal deoxynucleotidyltransferase (TdT) detection of 
apoptosis (Roche Diagnostics). The number of TdT-labeled cells 
was determined by counting at least 500 myocytes in each culture 
dish and expressed as a percentage of the total number of cells. 
Omission of biotin-16-dUTP or TdT was used to generate 
negative controls. 

Statistics. Unless otherwise indicated, all results are displayed as 
means ± SEM of replicates. One-way analysis of variance followed 
by Dunnett's test or the nonparametric Kruskal-Wallace analysis 
were used for statistical evaluation as appropriate. 

Results 

Evidence for a Heteromeric Complex Consisting of EpoR and 0cR. 

Working on the assumption that tissue protection is mediated via 
a typical glycosylated cytokine receptor, adult rat brain, kidney, 
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consistent with the EpoR were visualized only under reduced conditions. S, soluble EpoR-positive control <29 kOa); E, Epo affinity col umn; Q CEpo affinity column. 
(B) Membranes prepared from heart, kidney (kid), and liver show results similar to those for brain membranes but as a distinct doublet. (O In contrast, cell 
membranes obtained from TF-1 cells and run under nonreducing conditions show the doublet EpoR. 
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Fig. 2. EpoR and 0cR are present as a complex in neuronal lysates. Immu- 
nopredpitation of membranes prepared from P1 9 mouse neuroblastoma cells 
demonstrate that either anti-EpoR or anti-0cR pulls down a protein consistent 
with £cR <~1 30 kDa), as well as a smaller molecular species. Equivalent results 
were obtained in the presence or absence of Epo. 



and liver membrane preparations were first glycoprotein- 
enriched by passage over a lentil lectin column and then exposed 
to either an Epo or CEpo affinity column. Immunoblotting of 
reduced or nonreduced eluted proteins from either column with 
an anti-EpoR antibody visualized a principal band of *64 IcDa 



molecular mass, consistent with previous reports of EpoR (5), 
but only under reducing conditions (Fig. I A and B). In contrast, 
membranes obtained from TF-l cells, which signal via the 
homodimeric (EpoR) 2 , showed bands consistent with EpoR 
under both nonreducing (Fig. IQ and reducing (data not shown) 
conditions. These data suggested that the tissue-protective re- 
ceptor consisted of EpoR within a larger complex that displayed 
an affinity for the CEpo column. 

EpoR and 0cR have been previously described as a complex; 
by using immu no precipitation, we determined this complex was 
present in neuron-like cells. Membranes were prepared from 
undifferentiated neuronal-like murine P19 cells with or without 
a brief Epo exposure and then immunoprecipitated by using a 
mixture of two antibodies against EpoR that were raised against 
different regions of the molecule. Western blotting of the 
precipitated proteins with anti-/3cR displayed a dominant band 
at the appropriate molecular mass for the 0cR protein (M30 
kDa), as well as another band at ^100 kDa (Fig. 2). The presence 
of Epo during incubation and precipitation did not affect the 
results. Similar findings were obtained from membranes pre- 
pared from adult mouse heart (data not shown). 

Because the tissue-protective receptor (with high affinity for 




Fig. 3. Cells exhibiting tissue protection express both the EpoR and 0cR subunit LA) Spinal cord neurons within the central gray obtained from normal mice 
show prominent staining of the somata for both proteins. (B) Choroid plexus (arrow), as well as the ependymal cell layer (arrowhead), exhibit prominent staining 
for both EpoR and 0cR. EpoR staining appears punctate. Radial glia (double arrow) are also doubly immunoreactive. (O Purkinje cells of the cerebellum stain 
densely for EpoR in a punctate manner (Left), whereas anti-0cR stains somata. as well as the proximal dendrites (arrow), more diffusely. Note that neuronal 
somata in the molecular layer, as well as granule cells, are also immunopositive for both proteins. Right illustrates negative control (primary antibody omitted). 
(0) Sections of myocardium obtained from normal mice show prominent EpoR and 0cR immunostaining. Sections obtained from the 0cR knockout mouse exhibit 
prominent EpoR immunoreactivity. CTL EpoR is a negative control in which the primary antibody was omitted. 
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Fig. 4. CEpo restores motor function after spinal compression in wild-type mice but not in strain-matched 0cR knockout mice. (A) Spinal cord morphology is 
normal in the 0cR knockout mouse (hematoxytin/eosin-stained). (8) 0cR knockout mice subjected to spinal cord compressive injury do not respond to either Epo 
or CEpo (10 jig/kg of body weight) given i.p. as a single dose immediately after injury. 



CEpo) contained both EpoR and 0cR, individual cells respon- 
sive to nonerythropoeitic tissue-protective cytokines should 
coexpress these proteins. In confirmation of this prediction, a 
heterogenous distribution of distinctive cell types expressing 
immunoreactivity for both 0cR and EpoR was observed in 
normal rat tissues. For example, spinal cord central gray neurons 
(Fig. 3/1) were immunopositive for both receptors. However, the 
subcellular localization of the proteins differed in large and small 
neurons within the brain and spinal cord: EpoR staining was 
localized predominantly to the neuronal somata in a punctuate 
cytoplasmic pattern, extending rarely into the proximal dendrites 
(e.g., the Purkinje cells within the cerebellum) (Fig. 3C). In 
contrast, although /3cR immunoreactivity colocalized within the 
same neuronal type, it appeared extensively distributed through- 
out both the cell body and dendritic processes. In a noncom- 
prehensive nervous system survey, prominent colocalization of 
£cR and EpoR also was observed in the choroid plexus, ependy- 
mal cells (Fig. 35), and radial glia. In contrast, EpoR and 0cR 
expression in other tissues appeared diffusely colocalized, e.g., in 
cardiac myocytes (Fig. 3£>). In many regions examined, small 
capillaries were also positive for the two receptor proteins (data 
not shown). Two other antibodies against 0cR and EpoR 
(obtained from R&D Systems) produced similar staining 
patterns (data not shown). 

Studies in the peR Knockout Mouse. If the 0cR is a critical 
component of the tissue-protective receptor, the 0cR knockout 
mouse should be unresponsive to tissue-protective cytokines. 
This mouse model is grossly normal phenotypically and is fertile. 
It is immunologically abnormal, especially within the eosinophil 
lineage, and ultimately develops a progressive pulmonary fibro- 
sis with advancing age. The original descriptions of the young 
0cR knockout mouse reported no abnormalities of tissues and 
organs. We confirmed these observations by extensive micro- 
scopic examination of hematoxylin/eosin- and Nissl-stained 
sections that revealed no abnormalities of the 0cR knockout 
brain, spinal cord (Fig. 44), liver, kidney, or heart. 

Spinal Cord Injury. Normal or 0cR knockout male mice of 8-16 
weeks of age received a moderate compressive lesion of the 
spinal cord, followed immediately by a single i.p. dose of Epo or 
CEpo (10 MgAg of body weight) and were subsequently evalu- 
ated for motor function over 6 weeks. Mortality was similar 
between groups (~ 10-20%). Wild-type mice responded to 
CEpo with a complete recovery within 4 weeks (Fig. 4). In 
contrast, jScR knockout animals exhibited no difference in motor 
function among the CEpo, Epo, or saline groups after 6 weeks. 
However, at earlier time points, flcR knockout animals receiving 

14910 | www.pnas.org/cgi/doi/10.1073/pnas.O4O6491101 



Epo exhibited a poorer motor recovery. Calculation of the area 
under the curve showed a significant difference between the Epo 
and PBS animals (133 ± 30 vs. 356 ± 36 motor-score days; P < 
0.05). The simplified scoring of Tarlov (17) gave a similar 
outcome to the Basso scale (16). Bladder function was regained 
in parallel to the motor function (data not shown). 

Primary Cardiomyocyte Survival. Cardiomyocytes prepared from 
the hearts of young wild-type or j3cR knockout mice (8-12 
weeks) were incubated in the presence of rhEpo (100 ng/ml) or 
control buffer and then exposed to staurosporine (0.1 fim). After 
a 16-h exposure, both the wild-type and /3cR knockout cell 
cultures exhibited «*70% apoptosis (Fig. 5) (P < 0.001). rhEpo 
added to the culture medium (100 ng/ml) improved survival, 
reducing apoptosis to «40% in the wild-type cells (P < 0.001). 
In contrast, 0cR knockout cardiomyocytes did not respond to 
rhEpo. 

Discussion 

We have recently shown that the hematopoietic and tissue- 
protective activities of Epo are distinct and separate (6), impli- 
cating the existence of different receptors. Epo is a member of 
the cytokine superfamily type I that is characterized by pleo- 
tropic functionality. Receptors within this family often consist of 
heterogeneous combinations of proteins that can transduce 
different functions for the same ligand (e.g., gpl30) (19). Despite 
our observations that CEpo does not bind to the EpoR dimer or 
monomer (6), there are several lines of evidence that firmly 
implicate the EpoR in tissue protection. First, under conditions 
of hypoxia or other metabolic stressors, brain cells greatly 




Rg. 5. rhEpo is tissue-protective of staurosporine- induced apoptosis for 
cardiomyocytes derived from wild-type ceils but not identically prepared cells 
from 0cR knockout mice. rhEpo was added (100 ng/ml) 30 min before the 
addition of staurosporine (0.1 ^g/ml). Each condition corresponds to between 
four and eight replications. ••*, f>< 0.001 vs. staurosporine alone. 
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increase mRNA and immunoreactive EpoR (20, 21). Second, 
EpoR-neutralizing antibodies block neuroprotection (22). Third, 
EpoR knockout mice develop an abnormal brain and heart, 
characterized by massive cellular apoptosis. Fetal neurons can be 
cultured from the EpoR knockout embryos, and these display an 
increased sensitivity to stressors (e.g., ischemia) and do not 
respond to Epo (23). 

As an initial approach to isolate the receptor with which CEpo 
interacts, we used a CEpo affinity column. Our preliminary work 
showed that an enrichment of glycosylated membrane proteins 
could be obtained if the membrane fraction was first passed over 
a lentil lectin column. Analysis of the proteins retained on the 
CEpo column showed that EpoR was indeed captured, despite 
exhibiting no affinity for CEpo. However, in this case, EpoR, 
unlike proteins prepared from TF-1 cells, was covalently bound 
to another protein (or proteins); it was only observable under 
reducing conditions (Fig. 1 ). The possibility that residual low 
levels of Epo contaminated the CEpo was eliminated by the 
demonstration that the CEpo used (tested up to 10 jxg/ml) 
possessed no erythropoietic activity in the TF-1 and UT-7 
bioassays. 

Further, proteins from membranes prepared from the neural- 
like P19 cells, immunoprecipitated by using anti-EpoR antibod- 
ies, and immunoblotted by using anti-pcR, a receptor reported 
to be associated with EpoR (7), showed a band of a size 
consistent with 0cR (>130 kDa) but, again, only under reducing 
conditions (Fig. 2). An additional molecular species that could 
be a variant or breakdown product of 0cR also was observed. 
Immunocytochemistry further supported the hypothesis of the 
tissue-protective receptor consisting of EpoR and 0cR proteins, 
because these proteins appear colocalized in those cells (e.g., 
neurons) for which CEpo is tissue-protective in vitro and in vivo 
(Fig. 3). 

Taken together, the colocalization and binding data suggest 
that tissue protection signals through the interaction of Epo or 
CEpo with an EpoR-0cR heteromer. To test this hypothesis, we 
used a mouse model that lacked the 0cR but was otherwise 
normal with respect to red cells and platelets, verifying a 
preserved hematopoietic action of Epo via the homodimer 
(EpoR) 2 . As expected in the strain-matched, wild-type animals, 
tissue-protective cytokines were fully active in a spinal cord 
injury model, confirming that mice are effectively protected 
from damage, as previously shown for the rat (6). In contrast, 
both CEpo and Epo did not protect /3cR knockout mice from 
compressional spinal cord injury (Fig. 4), although the histology 
of the uninjured spinal cord was normal. Immunohistochemical 
examination of the brain and spinal cord for EpoR confirmed 
expression levels comparable to those of wild-type tissues, 
making it unlikely that the loss in efficacy for Epo or CEpo was 
explained by reduced or absent expression of EpoR. 

The significantly reduced area under the curve for Epo 
compared with CEpo in the spinal cord injury model in /3cR 
knockout mice is interesting and could depend on unopposed 
actions of Epo through the classical (EpoR) 2 . Particularly, 
platelet activation within the microvasculature (24) might delay 
or impair early recovery through development of microinfarc- 
tions. The 0cR knockout model will be useful for distinguishing 
between the classical and tissue-protective effects of Epo. 

0cR knockout mice have been shown to exhibit defects in 
eosinophil and macrophage populations, which could well affect 
the rate of recovery from spinal cord injury. To eliminate this 
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possibility, as well as to examine the involvement of the 0cR 
receptor in cytoprotective activities outside of the CNS, we used 
an in vitro model of primary cardiomyocytes obtained from the 
adult heart. In agreement with previous studies (25), Epo 
protects wild-type primary cardiomyocytes from staurosporine- 
mediated apoptosis (Fig. 5), In marked contrast. Epo had no 
cytoprotective effects on identically treated cardiomyocytes iso- 
lated from 0cR knockout mice, despite the presence of abundant 
EpoR immunoreactive protein. In sum, these experiments are 
fully supportive of a role for 0cR in the tissue -protective 
signaling of Epo and CEpo. 

It is notable that the 0cR knockout mice appeared histo- 
logically normal and did not appear to be more sensitive to 
injury (e.g., after exposure to staurosporine), as we would have 
predicted in the absence of a tissue-protective receptor. This 
lack of amplification of injury could depend on an additional 
rL-3-specific common 0 subunit highly homologous to 0c R 
that is present only in the mouse. In the mouse, therefore, the 
0cR knockout will affect only GM-CSF and IL-5 signaling 
(26), not IL-3, which has itself been reported to possess 
tissue-protective properties. Notably, IL-3 and its receptors 
(both a and 0) are locally made (27, 28) and act in a 
neurotrophic and neuroprotective manner (29, 30), including 
protection from spinal motor neuron transection (31). To 
answer this question, additional experiments using gene- 
silencing technology will need to be performed in another 
species, e.g., in the rat, for which abundant data relevant to 
tissue protection have been collected. If the IL-3-specific 0 
subunit does confer protection, the role of tissue-protective 
cytokine receptors in the setting of injury may be even more 
dramatic than has been shown in these experiments. 

Although the precise protein interactions of the EpoR and 
0cR have not been determined, they are likely homologous to 
the GM-CSF:0cR stoichiometry, because receptor assembly in 
this cytokine family occurs through highly conserved structural 
and chemical mechanisms (32). In this system, the ligand GM- 
CSF displays negligible affinity for the GM-CSF receptor or 0cR 
alone (33), similar to what we have observed for CEpo. In the 
presence of the ligand, however, a high-affinity receptor complex 
consisting of a 1:1:2 ratio of GM-CSF:GM-CSF receptor:0cR is 
formed (33). Because at least four cytokines appear to use the 
0cR, multiple signaling possibilities exist in tissues expressing 
different a receptors and clearly require further study. For 
example, previous investigators have described a hierarchy in 
signaling, presumably based on differences in affinity of 0cR to 
the different a receptor subunits (33). 

Finally, although our experimental results identify 0cR and 
EpoR as components of the receptor mediating tissue protec- 
tion, further study will be required to understand many critical 
aspects of this association, e.g., whether other proteins also are 
members of the complex, the precise stoichiometry of the 
receptor subunits, and the signaling pathways. With this knowl- 
edge, rational development of tissue-protective cytokines can be 
initiated. 
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TISSUE PROTECTIVE CYTOKINES FOR THE TREATMENT 
AND PREVENTION OF SEPSIS AND THE FORMATION OF ADHESIONS 

FIELD OF THE INVENTION 
5 The present invention is directed to a method of treating, preventing, delaying the 

onset, and/or reducing the effects of sepsis and related complications. In particular, the 
present invention is directed to the use of tissue protective cytokines for the treatment, 
prevention, delay, and/or reduction of complications with regard to sepsis, adhesion 
formation, and organ failure. Furthermore, the tissue protective cytokines of the present 
10 invention are also contemplated for treatment, prevention, delay, and/or reduction of 
complications of general inflammatory conditions resulting from infection. 

BACKGROUND OF THE INVENTION 

Several strategies exist for responding to infection, immune challenges, inflammation, 
1 5 and trauma in a host. One mechanism by which the host attempts to respond to these 
challenges is through the ^regulation of cytokines, nonantibody proteins that act as 
intercellular regulators. Some cytokines, known as proinflammatory cytokines, counteract 
the challenges to the host by enhancing the disease in the hopes of ridding the host of the 
challenge and host cells damaged by the challenge. Proinflammatory cytokines include, but 
20 are not limited to, interleukins (IL), such as IL-1 , BL-6, IL-8, and IL-1 8, and tumor necrosis 
factor (TNF). 

When released, the proinflammatory cytokines have the effect at the site of injury of 
increasing the release of antibodies and their compliments, T and B cell activation, the 
adhesion of platelets to blood vessel walls, and extravascuarization of lymphocytes and 
25 macrophages. These changes lead to a localized environment at the site of injury including 
fever, tissue injury, tumor necrosis, induction of other cytokines and immunoregulation and 
apoptosis. This localized response is toxic not only to the source of the challenge to the host 
but also to the host cells within the penumbra of the proinflammatory cytokine response. 
Thus, it is not surprising that on a systemic level, such as may occur during overwhelming 
30 infection or serious trauma to the host, many of these proinflammatory cytokines are harmful 
4 to the host producing fever, inflammation, tissue destruction, and, in some cases, shock and 
death. 
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Representative of the action of the various proinflammatory cytokines is TNF. TNF 
is a proinflammatory cytokine produced by many ceil types, including macrophages, 
monocytes, lymphoid cells and fibroblasts in response to inflammation, infection, and other 
environmental challenges. TNF elicits a wide spectrum of cellular responses, including fever, 

5 shock, tissue injury, tumor necrosis, anorexia, induction of other cytokines and 

immunoregulatory molecules, cell proliferation, differentiation and apoptosis. When released 
TNF has an effect at the site of injury of increasing the release of antibodies and their 
compliments, T and B cell activation, the adhesion of platelets to blood vessel walls, and 
extravascuarization of lymphocytes and macrophages. Systemically, TNF acts upon the 

10 hypothalamus and liver. TNF stimulates the hypothalamus to release corticotropin releasing 
hormone, suppress appetite and induce fever. In response to TNF, the liver initiates an acute 
phase response resulting in the synthesis of several proteins including C-reactive protein, 
coagulation factors and compliment factors. Also, TNF induces insulin resistance. In the 
defined area of injury or infection, TNF is vital to removing the particular infectious agent 

1 5 and adapting the body's immune response to the particular injury. 

On a systemic level, however, in which TNF as well as other proinflammatory 
cytokines may be present at higher concentrations or for prolonged times, TNF can have 
deleterious effects on the body. At high concentrations TNF activates an EL-1 & H-6 cascade 
that results in cachexia (wasting). Additionally, TNF can lead to systemic edema, 

20 hypoproteinemia, and neutropenia which can result in disseminated extravascular coagulation 
and eventually multiple organ failure. In chronic diseases such as cancer, TNF can also 
interfere with vital endogenous functions within the host. For example, TNF may interfere 
with the ability of endogenous erythropoietin to maintain the hematocrit of the host, leading 
to a condition referred to as the anemia of chronic diseases (ACD). A typical course of 

25 treatment with recombinant erythropoietin may not counteract the effects of the 

proinflammatory cytokine, thereby requiring the administration of elevated doses of 
recombinant erythropoietin just to maintain the normal hematocrit of the host. Beyond the 
additional costs associated with the increased dosing, there is also the risk of adverse side 
effects from the increased doses of erythropoietin such as thrombosis. In addition to the 

30 conditions detailed below, proinflammatory cytokines, including, but not limited to, TNF are 
associated with diseases such as chronic inflammation, bacterial septic shock, bacterial toxic 
shock, graft vs. host disease, and HTV infection and AIDS. 
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Sepsis 

Sepsis is the body's response to any kind of infection, e.g%, bacterial, viral, parasitic, 
or fungal. Sites of infection are typically the lungs, the urinary tract, the abdomen, and the 
pelvis. In some cases, however, the actual site of infection cannot be detected. Although 
5 sepsis was once thought to be a systemic inflammatory response, it is now recognized that 
sepsis also includes prothrombotic diathesis and impaired fibrinolysis. 

Once sepsis commences, widespread inflammation and clotting occurs throughout the 
body. Whereas in a healthy body, immune modulators would be released to fight the 
infection and heal the body, in sepsis, an overabundance of immune regulators is released. 

10 The release of proinflammatory cytokines such as TNF, interleukin-1, and interleukin-1 8 lead 
to the inflammation of endothelial linings, elevation of the core temperature, loss of appetite, 
and anemia. In addition, inflammation of the lining of blood vessels activates the blood 
clotting process. Because sepsis decreases the body's natural production of protein C, which 
regulates blood clotting and controls inflammation, the body's ability to break down the 

15 formed blood clots is suppressed. This suppression leads to clotting in vital organs, limbs, 
fingers, and toes, which, in turn, leads to organ failure or gangrene. 

Sepsis may present itself in varying degrees. For example, in cases of severe sepsis, 
which occurs when acute organ dysfunction or failure results, the body's normal defense 
reaction goes into overdrive, setting off a cascade of events that can lead to widespread 

20 inflammation and blood clotting in tiny vessels throughout the body. Septic shock occurs 
when a patient with severe sepsis experiences cardiovascular system failure. This failure 
causes the blood pressure to drop, which, in turn, deprives vital organs of an adequate 
oxygenated blood supply. Septicemia is a sepsis that has an infection in the bloodstream 
itself. In fact, septicemia may cause ischemia, poor blood supply to at least one organ. 

25 For example, when blood flow to the kidneys is reduced to dangerously low levels for 
substantial time period, ischemic acute renal failure (ARF) may develop. The depressed 
blood flow also results in necrosis, or tissue death, in affected organs. 

Providing the source of the sepsis can be identified, many cases of sepsis will respond 
to treatment. Once isolated, a treatment regime specific to the cause of infection is initiated. 

30 Known treatment includes the use of antibiotics, surgical excision of infected or necrotic 

^ tissues, drugs that increase activated protein, and steroids (in cases of septic shock). For 
example, a typical course of sepsis treatment includes administration of a broad spectrum 
antibiotic until the cause of infection is isolated. However, the mortality rate of sepsis 
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patients remains relatively high in cases of sepsis where the cause and/or area of infection is 
not ascertainable. 

Depending on the severity of sepsis, anti-infection agents, draining techniques, fluids, 
drugs to raise the mean arterial blood pressure (MAP) such as norepinephrine and 

5 phenylephrine, drugs to improve renal function such as dopamine, drugs to increase oxygen 
delivery and oxygen consumption such as dobutamine and epinephrine, mechanical 
ventilators to support breathing, and dialysis for kidney failure may be used in the course of 
treatment. In addition, pharmacological agents that have been shown to have beneficial 
effects on immune responses following shock and sepsis include ATP-MgCl 2 , 

.0 nonanticoagulant heparin, calcium channel blockers, chloroquine, cyclooxygenase inhibitors, 
PAF antagonists, anti-inflammatory cytokines, growth factors, dietary manipulation, anti- 
TNF antibodies, activated protein C (Xigris®, Eli Lilly, Indianapolis, Indiana), and sex 
hormones. Recovery from sepsis is greatest when the condition is quickly diagnosed and 
promptly treated. 

[ 5 Recombinant erythropoietin (rhu-EPO), commercially available under tradenames 

PROCRTT® (from Ortho Biotech Inc., Raritan, NJ), EPOGEN® (from Amgen, Inc., 
Thousand Oaks, CA), and NEORECORMON (from Roche, Basel, Switzerland)has also 
recently been investigated with regard to treatment of various conditions related to sepsis. In 
addition, U.S. Patent Publication No. 2003/0083251 generally discloses the use of rhu-EPO 

10 to aid in the regeneration of renal tubular cells and prevention of apoptosis of the renal 
tubular cells in order to treat patients with ischemic ARF. Furthermore, US Patent 
Publication No. 2002/0061849 generally discloses the use of rhu-EPO to aid in the treatment 
of infl amm ation in a non-ischemic condition in one or more organs. However, because of 
erythropoietin's erythropoietic effects — increased hematocrit, vasoconstriction, 

15 hyperactivation of platelets, pro-coagulant activity, and increased production of thrombocytes 
— treatment with rhu-EPO poses additional risks given the widespread clotting in vital 
organs, limbs, fingers, and toes that is associated with sepsis. 

Adhesions. 

30 

In addition to sepsis, proinflammatory cytokines, such as TNF, have been associated 
with the formation of adhesions, abnormal fibrous bands or connections between organs and 
oilier structures of the body, as well. Adhesions may be a complication of, or related to, 
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sepsis but also may occur independently. For example, adhesions may form as a result of 
surgery, trauma, infection, chemotherapy, and radiation. In fact, adhesions are almost an 
inevitable outcome of surgery, i.e., about 93 percent of patients who have undergone 
abdominal surgery suffer from adhesions to some degree (compared with adhesion formation 
5 in about 10.4 percent of patients who had never undergone a previous abdominal operation). 
See D. Menzies and H. Ellis, Intestinal Obstruction from Adhesions— How Big is the 
Problem?, Ann. R. Coll. SURG. Engl. 72: 60-3 (1990). 

The formation of adhesions can cause severe pain and apply unnatural pressure or 
tension on organs or other structures of a patient. For example, adhesions in the abdominal 
1 0 region of the body may cause the intestines of a patient to become trapped or squeezed 
between organs or other structures of the body. In some cases, the intestines may become 
blocked or significantly obstructed due to nearby adhesions. 

The formation of these abnormal connections between two parts of a body leads to a 
host of other conditions. For example, as cesarean sections are becoming a more common 
1 5 method of childbirth, women who undergo this major abdominal surgery are likely to form 
adhesions and, as a result, experience chronic pelvic pain. In addition, adhesions involving 
female reproductive organs may lead to infertility and dyspareunia. 

A number of agents have been researched in connection with preventing and treating 
adhesions, e.g., dextran, corticosteroids, phosphatidylcholine, phospholipase inhibitors, non- 
20 steroidal anti-inflammatory drugs, proteoglycans, heparin, and tissue plasminogen activator. 
See, e.g., C.L. Kowalczyk and MJP. Diamond, The Management of Adhesive Disease, in 
Perttonbal Adhesions 315-324 (K.H. Treutner and V. Schumpelick, eds., 1997). Some, 
but not all of these agents, are believed to be effective in the treatment of adhesions because 
of their ability to interfere with coagulation and fibrinolysis. Clinical experience with the 
25 majority of these agents, however, is limited due to bleeding complications. In addition, 
hyaluronic acid derivatives have been shown to prevent postsurgical adhesions, particularly 
in the intra-abdominal area. See, e.g., JM. Becker et at, Prevention of Postoperative 
Abdominal Adhesions by a Sodium Hyaluronate-based Bioresorbable Membrane: A 
Prospective, Randomized, Double-blind Multicenter Study, in J. Am. COLL. SURG. 183 297- 
30 306 (1996). Furthermore, beta-gjucan, which is a glucose polymer that binds with high 
t affinity to the receptors on monocytes and neutrophils in a competitive manner, has been 

shown to have a reducing effect on the frequency of adhesion after experimentally developed 
intraabdominal sepsis in Wistar rats. A. Bedirli et al, Prevention of Intraperitoneal Adhesion 
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Formation Using Beta-Glucan After Ileocolic Anastomosis in a Rat Bacterial Peritonitis 
Model, in Am. J. SURG. 155 339-343 (2003). 

Surgery may also be used as a course of treatment for adhesions. Generally, a 
physician will perform surgery to sever the adhesions from the organ or other part of the 
5 body. Given that adhesions are often a complication of surgery, however, surgery to remove 
adhesions frequently results in the formation of new adhesions. While some surgical 
procedures involve placement of sleeves over organs adjacent to the areas affected by the 
surgery and thus, help to prevent adhesions involving these organs, such procedures have had 
mixed results. In addition, the organ sleeves also require additional surgery to remove the 
10 sleeves. 

Thus, despite the increased awareness with regard to adhesions, research into 
treatment methods have met with limited success. Many physicians are unwilling or unable 
to address the treatment of adhesions and many insurance companies are unwilling to pay for 
treatments that are, at best, marginally successful. 

15 

Wound Healing. 

Healing is an essential process of the body that reestablishes the integrity of damaged 
tissue. This process is often viewed in terms of wounds, ulcers or lesions of the skin resulting 

20 from various causes such as trauma, surgery, pressure (bed sores), burns, diabetes, etc. The 
severity of the wounds is characterized by the extent the wound penetrates the skin. Stage I 
wounds are characterized by redness or discoloration, warmth, and swelling or hardness. 
Stage II wounds, partial thickness wounds, penetrate the epidermis and superficial dermis of 
the skin. Stage HI wounds, full thickness wounds, penetrate through the dermis of the skin 

25 but do not penetrate the membrane separating the skin from deeper organs. Stage IV wounds 
involve damage to the underlying muscle or bone. 

Although all wounds heal through the same process: inflammation, epithelialization, 
angiogenesis, and the accumulation of matrix; the ease with which the wound heals is largely 
based on the severity of the wound and the health of the wounded individual. In general, 

30 Stage I and Stage II wounds heal through the regeneration of epithelial cells by the 

( underlying dermis. Whereas, Stage HI and IV wounds heal through the production of a scar. 
Proinflammatory cytokines, such as TNF, play a role in the healing of woxmds, however, it is 
speculated that TNF may have an adverse effect on the accumulation of collagen in the 
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healing wound and ultimately on the time the wound takes to heal and the strength of the 
repaired tissue- 
Several therapeutics as well as therapeutic methods have been developed to assist the 
body in healing wounds. Several compounds are considered to have a therapeutic effect on 
5 wound healing including, but not limited to, growth factors (epidermal growth factor, Insulin- 
like Growth Factor, human growth honnone, fibroblast growth factor, vascular endothelial 
growth factor, interleukin-6, and interleukin-10), nutritional supplements (arginine, 
glutamine, vitamin C, vitamin B5, Bromelain, Curcumin, zinc, copper), and herbal 
supplements (aloe vera, Centella). Furthermore, various therapeutic methods including, but 

10 not limited to, hyperbaric oxygen therapy, whirlpool therapy, ultrasound therapy, electrical 
stimulation, and magnetic therapy have been utilized to aid the body in healing wounds. 

If a wound does not heal properly or fails to heal at all it can lead to several 
complications chief among them scarring and infection. Depending upon the severity of the 
wound, the body may generate scar tissue in healing the wound. Aside from the aesthetic 

1 5 concerns of a scar, the scar may impair movement of the individual depending upon its 
severity. Additionally, a wound presents an opportunity for bacteria and other infectious 
agents to enter the body. Depending upon the severity of infection it may spread and become 
systemic leading to sepsis or septicemia. 

Rhu-EPO has also been investigated for its possible healing effects in rat models of 

10 random ischemic flaps. For example, ihu-EPO has been shown to reduce necrosis, decrease 
neutrophil infiltration, and prevent increased temperature with regard to ischemic skin flap 
injuries. See M. Buemi et aL 9 Recombinant Human Erythropoitein Influences 
Revsacularization and Healing in a Rat Model of Random Ischaetnic Flaps, ACTA DERM 
Venerbol, 82: 41 1-417 (2002). This finding suggests that rhu-EPO administration can 

15 improve the wound healing process, both in early and late stages of injury, by reducing the 
inflammatory response, increasing the density of capillaries in ischemic flaps and allowing 
earlier repair of a damaged area. However, as mentioned above, because rhu-EPO has 
erthyropoietic activity, the use of rhu-EPO for treatment of these conditions may cause a 
greater degree of clotting or complications than already initiated by the healing process. 

0 In sum, no one agent or treatment strategy has demonstrated sufficient value for the 

« management of sepsis cases, the incidence of sepsis, the formation of adhesions, wound 
healing or general inflammatory conditions. In feet, the mortality associated with sepsis and 
related conditions remains high. Every year, approximately 215,000 people die from severe 
sepsis and one out of every three patients who develop severe sepsis will die within a month. 
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And, cases of sepsis are expected to rise in the future due to die increased awareness of the 
condition and sensitivity for the diagnosis, the number of immunocompromised patients, the 
use of invasive procedures, the number of resistant microorganisms, and ttxe growth of the 
elderly population In addition, the chronic pain associated with adhesions and general 
inflammatory conditions is often untreated due to the lack of a successful treatment strategy. 

Thus, there exists a need in the art for method and therapeutics for treating, 
preventing, delaying the onset of, and reducing the effects of proinflammatory cytokines for 
the purposes of limiting the penumbra of their action and further addressing their systemic 
effect. In particular, a need exists for treating, preventing, delying the onset o£ and reducing 
the effects of proinflammatory cytokines in conditions of sepsis, adhesions, wounds, chronic 
disease and general inflammatory conditions. In addition, it would be beneficial to provide 
methodoligies that have the ability to repair or prevent damage to tissue in ischemic 
conditions. 

SUMMARY OF THE INVENTION 

The present invention is directed to a method of treating, preventing, delaying the 
onset, and/or reducing the effects of sepsis, adhesions, general inflammatory conditions, and 
combinations thereof by administering at least one tissue protective cytokine in a 
therapeutically effective amount. In addition, the present invention relates to the prevention 
or reduction of scarring relating to injury and incisions using at least one tissue protective 
cytokine. The at least one tissue protective cytokine may be any tissue protective cytokine 
having tissue protective functionality. In one embodiment, however, the at least one tissue 
protective cytokine is a chemically modified EPO. In another embodiment, the chemically 
modified EPO is carbamylated EPO. 

One embodiment of the present invention relates to a method of treating, preventing, 
delaying the onset of, or reducing the effects of proinflammatory cytokines in a mammal. 
Other embodiments relate to methods of treating, preventing, delaying the onset of a 
condition associated with an effect of proinflammatory cytokines. Some examples of 
conditions associated with the effects of proinflammatory cytokines include sepsis, 
adhesions, wounds, inflammation or chronic disease. These methods may involve the steps 
of administering a therapeutically effective amount of one or more tissue protective cytokines 
in a pharmaceutical carrier. 

In addition, the present invention also is directed to pharmaceutical compositions that 
may be used in the methods described herein. For instance, one embodiment is directed 
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toward a pharmaceutical composition comprising an amount of at least one tissue protective 
cytokine effective in treating, preventing, delaying the onset o£ or reducing the effects of 
proinflammatory cytokines in a mammal. Another embodiment is directed toward a 
pharmaceutical composition comprised of an amount of at least one tissue protective cytokine 
5 effective in treating, preventing, delaying the onset of a condition associated with 
proinflammatory cytokines in a mammal. 

Some tissue protective cytokines used in the present invention may be chemically 
modified erythropoietin or mutated erythropoietin. 

In some embodiments where a chemically modified erythropoietin is used, the 

10 chemically modified erythropoietin may include one or more of the following: i) an 

erythropoietin that lacks sialic acid moieties; ii) an erythropoietin having at least no sialic 
acid moieties; iii) an erythropoietin having at least no N-linked or no O-linked carbohydrates; 
iv) an erythropoietin having at least a reduced carbohydrate content by virtue of treatment of 
native erythropoietin with at least one glycosidase; v) an erythropoietin having at least one or 

15 more oxidized carbohydrates; vi) an erythropoietin having at least one or more oxidized 
carbohydrates and is chemically reduced; vii) an erythropoietin having at least one or more 
modified arginine residues; viii) an erythropoietin having at least one or more modified lysine 
residues or a modification of the N-terminal amino group of the erythropoietin molecule; ix) 
an erythropoietin having at least a modified tyrosine residue; x) an erythropoietin having at 

20 least a modified aspartic acid or a glutamic acid residue; xi) an erythropoietin having at least 
a modified tryptophan residue; xii) an erythropoietin having at least one amino group 
removed; xiii) an erythropoietin having at least an opening of at least one of the cystine 
linkages in the erythropoietin molecule; or xiv) a truncated erythropoietin. In another 
embodiment, the chemically modified erythropoietin lacks erythropoietin's erythropoietic 

25 effects. The chemically modified erythropoietin also may comprise carbamylated 
erythropoietin. 

Similarly, in some embodiments involving a mutated erythropoietin, the mutated 
erythropoietin may be selected from one or more of the following mutations C7S, R10I, 
VI IS, L12A, E13A, R14A, R14B, R14E, R14Q, Y15A, Y15F, Y15I, K20A, K20E, E21A, 
30 C29S, C29Y, C33S, C33Y, P42N, T44I, K45A, K45D, V46A, N47A, F48A, F48I, Y49A, 
w Y49S, W51F, W51N, Q59N, E62T, L67S, L70A, D96R, K97D, S100R, S100E, S100A, 
S100T, G101A, G101I, L102A, R103A, S104A, S104I, L105A, T106A, T106I, T107A, 
T107L, L108K, L108A, S126A, F142I, R143A, S146A, N147K, N147A, F148Y, L149A, 
R150A, G151A, K152A, L153A, L155A, C160S, I6A, C7A, B13A, N24K, A30N, H32T, 
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N38K, N83K, P42A, D43A, K52A, K97A, Kl 16A, T132A, I133A, T134A, K140A, P148A, 
R150B, G151A, K152W, K154A, G158A, C161A, or R162A. . In another embodiment, the 
mutated erythropoietin lacks erythropoietin's erythropoietic effects. 

Two examples of proinflammatory cytokines are Interleukin and TNF. One or more 
5 effects of the proinflammatory cytokine may include fever, wasting, lethargy, anemia, edema, 
ischemia, organ failure and insulin resistance. Additional features and advantages of the 
present invention are described in greater detail below. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

Further features and advantages of the invention can be ascertained from the 
following detailed description that is provided in connection with the drawing(s) described 
below: 

FIG. 1 is a graphical representation of the survival rate of Sprague Dawley rats after 
15 cecum ligation and puncture (CLP) and subsequent treatment with saline or a tissue 
protective cytokine of the invention; 

FIG. 2 is a graphical representation of the adhesion score for Sprague Dawley rats 
following CLP and subsequent treatment with saline or a tissue protective cytokine of the 
invention; 

10 FIG. 3 is a graphical representation of the illness score for Sprague Dawley rats 

subjected to CLP and subsequent treatment with saline or a tissue protective cytokine of the 
invention; 

FIG. 4 is a graphical representation of the adhesion score for Sprague Dawley rats 
following CLP with and without sepsis introduction and subsequent treatment with saline and 
15 a tissue protective cytokine of the invention; and 

FIG. 5 is a graphical representation of the serum TNF level for Sprague Dawley rats 
following CLP with and without sepsis introduction and subsequent treatment with saline and 
a tissue protective cytokine of the invention. 

FIG. 6 is a chart demonstrating the core body temperature for Sprague Dawley rats 
10 treated with saline or a tissue protective cytokine after lippopolysaccharide (LPS) induced 
^ sepsis for a period of 24 hours. 

FIGS 7 (a) and (b) are charts demonstrating the levels of IL-6 (Fig. 7a) or TNF (Fig 
7b) in the serum of Sprague Dawley rats treated with saline or a tissue protective cytokine 
after LPS induced sepsis. 
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FIGS 8(a) and (b) are charts demonstrating the core body temperature of Sprague 
Dawley rats treated with a tissue protective cytokine peripherally (Fig. 8a) or centrally (Fig. 
8b) after LPS induced sepsis. 

FIG 9 is a graphic representation of the percentage of lesion healed in Sprague 
5 Dawley rats thirty-four (34) days after being subjected to an ischemic skin flap test and 
subsequently treated with saline or a tissue protective cytokine. 

DETAT I FT) ires nttPTION OF THE INVENTION 

1 0 The present invention is directed to novel compositions for the treatment, prevention, 

delay, or reduction of the effects of proinflammatory cytokines, such as TNF, in conditions 
including, but not limited to, sepsis and sepsis-related conditions, adhesions, wound healing, 
and chronic disease. The effects of the proinflammatory cytokines addressed by the tissue 
protective cytokines include, but are not limited to, fever, wasting, lethargy, anemia, edema, 

1 5 ischemia, organ failure and insulin resistance. The compositions of the invention are also 
contemplated for the treatment, prevention, delay, or reduction of the effects of inflammatory 
conditions in one or more organ(s) or tissue(s) resulting Scorn infection, such as in the case of 
meningitis. In particular, the present invention is directed to compositions including tissue 
protective cytokines that are successful in the treatment of the effects of proinflammatory 

20 cytokines in conditions including sepsis, adhesions, wound healing, chronic disease, and 
inflammatory conditions. 

In addition, the compositions of the inventions are useful in treating, preventing, 
and/or reducing the appearance of scarring from injury. For example, when a tissue 
protective cytokine of the present invention is used in conjunction with abdominal surgery, 

25 scarring may be substantially reduced. In one embodiment, the tissue protective cytokines of 
the present invention are used to prevent scarring from surgical incisions. 

Compositions of the Invention 

Any cytokine that exhibits tissue protective capability is contemplated for use with the 
30 present invention. The compositions of the invention may include erythropoietin. For 
example, a suitable tissue protective cytokine of the invention may be an EPO molecule, 
which may exist in a number of forms, e.g. a, ft asialo and others. The a and 0 forms have 
the same potency, biological activity, and molecular weight, but differ slightly in the 
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carbohydrate components, while the asialo form is an a or /S form with the terminal sialic 
acids removed from the carbohydrate components. 

Also, any tissue protective cytokine capable of treating, preventing, delaying the onset 
of, and/or reducing the effect of sepsis, sepsis-related conditions, and general inflammatory 
5 conditions is contemplated as welL As used herein, the term "tissue protective cytokines" 
refer to any cytokine that is a derivative of erythropoietin that possesses the tissue protective 
activity of erythropoietin. Preferably the tissue protective cytokine lacks at least one or more 
of erythropoietin's erythropoietic effects. Most preferably, the tissue protective cytokine 
lacks all of the erthropoietic effects of erythropoietin. For example, this may be 

10 accomplished by modifying erythropoietin through chemical or mutational processes that 
affect its pharmacological attributes (reduction in half-life) or structural ability to bind to the 
erythropoietin receptor homodimer. Non-limiting examples of suitable tissue protective 
cytokines for use with the present invention include the tissue protective cytokines disclosed 
in International Publication No. WO/02053580 and U.S. Patent Publication Nos. 

15 2002/0086816 and 2003/0072737, which are incorporated by reference herein in their 
entirety. 

In addition, the tissue protective cytokines for use with the present invention may 
include EPO molecules with a modification of at least one arginine, lysine, tyrosine, 
tryptophan, or cysteine residue or carboxyl groups are also contemplated for use as tissue 

20 protective cytokines according to the present invention. These residues may be chemically 
modified by guanidination, amidination, carbamylation, trinitrophenylation, acylation 
(acetylation or succinylation), nitration, or mixtures thereof; as disclosed in International 
Publication No. WO/02053580. 

Thus, the tissue protective cytokine of the present invention may be carbamylated 

25 EPO. As discussed in the background of the invention, rhu-EPO has been researched in 
connection with treatment of acute renal failure, which is a possible complication of 
septicemia. However, because rhu-EPO has erythropoietic activity, i.e. 9 the ability to 
maintain hematocrit levels in the body and hyperactivation of platelets, red blood cells are 
increased and platelets become hyperactive upon administration thereof resulting in the blood 

30 thickening and an increased risk of thrombosis. Thus, the use of rhu-EPO would likely 

>( exacerbate the widespread clotting that occurs as a result of sepsis. 

Unlike rhu-EPO and selected other modified EPO molecules, carbamylated EPO does 
not retain erythropoietic activity and fails to bind with the classic homodimer erythropoietin 
receptor as is noted in PCT application no. PCT/US04/013099, filed April 26, 2004, hereby 
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incorporated in its entirety. Carbamylated EPO, however, does advantageously maintain the 
tissue protective functionality of endogenous EPO. It is believed that the retained tissue 
protective function of carbamylated EPO is mediated through its interaction with a tissue 
protective receptor complex as disclosed in PCT application no. PCTAJS04/013099. Thus, 

5 carbamylated EPO may be used to treat, prevent, delay the onset, and/or reduce the effects of 
pro-inflammatory cytokines such as TNF within conditions including, but not limited to, 
sepsis, adhesions, wound healing, chronic diseases and general inflammatory conditions 
without posing the risk of further clotting associated with the administration of 
erythropoietin. In addition, because the carbamylated EPO molecules of the present 

10 invention are effective in protecting against necrosis, the carbamylated EPO molecules of the 
present invention are particularly beneficial in treating, preventing, delaying the onset, and/or 
reducing the effects of sepsis, adhesions, and general inflammatory conditions in patients 
susceptible to stroke, myocardial infarction, deterioration of mental faculties, and age-related 
conditions. 

15 Therefore, the tissue protective cytokine of the invention may be a modified EPO with 

alteration of at least one or more lysine residues or the N-terminal group of the EPO 
molecule, which for purposes of this application, may also be referred to as "sites**. The 
modifications may result from the reaction of the lysine residue or N-terminal amino group 
with an amino-group modifying agent. For example, the generic reaction scheme below is 

20 representative of one method to carbamylate proteins, such as EPO: 



O 

H— N=C=0 + H 2 N v/w> - ► H 2 N— C — NhK*-™ 

isocyanic Acid \ Carbamylated Protein 

Amino Terminus 
(or side chain ofLys orArg) 



In another embodiment, one or more lysine residues on an EPO molecule may be 
25 carbamylated by virtue of reaction with a cyanate ion. For example, one or more lysine 
residues may be modified by incubation with 4-sulfophenylisothiocyanate. In yet another 
embodiment, one or more lysine residues on the EPO molecule are alkyl-carbamylated, aryl- 
>M carbamylated, or aryi-thiocarbamylated with an alkyl isocyanate, an aryl isocyanate, or an 
aryl-thioisocyanate, respectively. In still another embodiment, one or more lysine residues 
30 are akylated by a reactive alkylcarboxylic or arylcarboxylic acid derivative, e.g. 9 acetic 
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anhydride, succinic anhydride, or phthalic anhydride. The modified lysine residue may also 
be chemically reduced. 

One or more lysine residues may also be carbamylated by reacting the residue(s) with 
trinitrobenzenesulfonic acid, or a salt thereof. In yet another embodiment, one or more lysine 
5 residues may be modified by reaction with a glyoxal or a glyoxal derivative, e.g. , 
methylglyoxal ir 3-deoxyglucosone, to form the corresponding alpha-cafboxyalkyl 
derivatives. 

Other methods of caibamylation may be used in accordance with the present 
invention. For example, the method disclosed in Plapp et a/., J. BIOL. CHEM., 246: 939-945 
10 (1971) is a suitable way of making the carbamylated EPO according to the present invention. 
Another example of a method of carbamylation is discussed in Satake et al 9 1990, Biochim. 
Biophys. Acta 1038:125-9, where six of the lysine residues in erythropoietin were 
carbamylated. 

And, as mentioned above, any of the forms of EPO may be used according to the 

1 5 present invention. Thus, as an example: in one embodiment, the EPO molecule subject to 
carbamylation is in a form; in another embodiment, the EPO molecule subject to 
carbamylation is in j8 form; and in yet another embodiment, the EPO molecule subject to 
carbamylation is asialic. 

The caibamylation process preferably occurs for a period of time sufficient to 

20 substantively reduce or completely eliminate erythropoietic activity. Iii one embodiment, the 
carbamylation process is performed for a sufficient time period to remove at least about 90 
percent of the sites. In another embodiment, the carbamylation process is performed for a 
sufficient time period to remove at least about 95 percent of the sites. In still another 
embodiment, the carbamylation process is performed for a sufficient time period to remove 

25 100 percent of the sites. Alternatively, this may be viewed as carbamylating erythropoietin 
for a period of time sufficient to carbamylate at least six lysine residues in one embodiment, 
at least seven lysines in another embodiment, and at least eight lysine residues in another 
embodiment. The time required for sufficient carbamylation to occur may vary. For 
instance, sufficient carbamylation may occur over a period up to about 6 to 24 hours, up to 

30 about 10 to 20 hours, or up to about 16 hours, 
it The tissue protective cytokines for use with the present invention may also be 

obtained by limited proteolysis, removal of amino groups, and/or mutational substitution of 
arginine, lysine, tyrosine, tryptophan, or cysteine residues by molecular biological techniques 
as disclosed in Satake et al 9 1990, Biochim. Biophys. Acta 1038:125-9^ which is incorporated 
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by reference herein in its entirety.. For example, suitable tissue protective cytokines include 
at least one or more mutated EPOs having a site mutation at C7S, R10I, VI 1 S, L12A, E13A, 
R14A, R14B, R14E, R14Q, Y15A, Y15F, Y15I, K20A, K20E, E21A, C29S, C29Y, C33S, 
C33Y, P42N, T44I, K45A, K45D, V46A, N47A, F48A, F48I, Y49A, Y49S, W51F, W51N, 

5 Q59N, E62T, L67S, L70A, D96R, K97D, S100R, S100E, S100A, S100T, G101A, G101I, 
L102A, R103A, S104A, S104I, L105A, T106A, T106I, T107A, T107L, L108K, L108A, 
S126A, F142I, R143A, S146A, N147K, N147A, F148Y, L149A, R150A, G151A, K152A, 
L153A, L155A, C160S, I6A, C7A, B13A, N24K, A30N, H32T, N38K, N83K, P42A, D43A, 
K52A, K97A, Kl 16A, T132A, I133A, T134A, K140A, P148A, R150B, G15 1A, K152W, 

10 K154A, G158A, C161 A, and/or R162A. Examples of the above-referenced modifications 
are described in co-pending U.S. Patent Publication Nos. 2003/0104988, 2002/0086816 and 
2003/0072737, which are incorporated by reference herein in their entirety. In the mutein 
nomenclature used herein, the changed amino acid is depicted with the native amino acid's 
one letter code first, followed by its position in the EPO molecule, followed by the 

1 5 replacement amino acid one letter code. For example, S100E refers to a human EPO 
molecule in which, at amino acid 100, the serine has been changed to a glutamic acid. 

In another embodiment, the tissue protective cytokine may include one or more of the 
above site mutations, providing that the site mutations do not include I6A, C7A, K20A, 
P42A, D43A, K45D, K45A, F48A, Y49A, K52A, K49A, S100B, R103A, Kl 16A, T132A, 

20 I133A, K140A, N147K, N147A, R150A, R150E, G151A, K152A, K154A, G158A, C161A, 
orR162A. 

In still another embodiment, the tissue protective cytokines may include combinations 
of site mutations, such as K45D/S100E, K97D/S100E, A30N/H32T, K45D/R150E, 
R103E/L108S, K140A/K52A, K140A/K52A/K45A, K97A/K152A, K97A/K152A/K45A, 

25 K97A/K152A/K45A/K52A, K97A/K1 52A/K45A/K52A/K140A, 

K97A^K1 52A^EC45 A^C52A/K140A^:i 54A, N24K7N38K7N83K, and N24K7Y15A. In yet 
another embodiment, the tissue protective cytokines do not include any of the above 
combinations. In another embodiment, the tissue protective cytokines may include any of the 
above-referenced site mutations providing that the site mutations do not include any of the 

30 following combinations of substitutions: N24K/N38K/N83K and/or A30N/H32T. 

Certain modifications or combinations of modifications may affect the flexibility of 
the mutein's ability to bind with its receptor, such as an EPO receptor or secondary receptor. 
Examples of such modifications or combinations of modifications include, but are not limited 
to, K152W, R14A/Y15A, I6A, C7A, D43A, P42A, F48A, Y49A, T132A, I133A, T134A, 
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N147A, P148A, R150A, G151A, G158A, C161A, and R162A. Corresponding mutations are 
known to those of ordinary skill in the art to be detrimental in human growth hormone. Thus, 
in one embodiment, the tissue protective cytokine does not include one or more of the 
modifications or combinations of modifications that may affect the flexibility of the mutein's 

5 ability to bind with its receptor. Further discussion of such tissue protective cytokines is 
included in co-pending U.S. Patent Application No. 10/612,665, attorney docket no. 10165- 
022-999, filed July 1, 2003, entitled "Recombinant Tissue Protective Cytokines and Encoding 
Nucleic Acids Thereof for Protection, Restoration, and Enhancement of Responsive Cells, 
Tissues, and Organs," the entire disclosure of which is incorporated by reference herein 

10 Moreover, suitable tissue protective cytokines for use with the present invention 

includes the long acting chemically modified EPO molecules disclosed in International 
Application No. US03/028073, filed under attorney docket no. 20528.0006 on September 9, 
2003, entitled "Long Acting Erythropoietins that Maintain Tissue Protective Actrvity of 
Endogeneous Erythropoietin", which is incorporated in its entirety by reference herein. For 

1 5 example, suitable tissue protective cytokines for use with the present invention includes EPO 
that has undergone at least one chemical modification to at least one of the N-linked 
oligosaccharide chains or the O-linked oligosaccharide chain, wherein the chemical 
modification includes oxidation, sulfation, phosphorylation, PEGylation, or a combination 
thereof. In one embodiment, the EPO molecule subject to chemical modification is in a 

20 form. In another embodiment, the EPO molecule subject to chemical modification is in j3 
form. In yet another embodiment, the EPO molecule subject to chemical modification is 
asialic. In yet another embodiment, the EPO molecule subject to chemical modification may 
be ARANESP (Amgen, Thousand Oaks, CA) or CERA (Hoffmann-La Roche Inc., Nutley, 
NJ). 

25 A variety of host-expression vector systems may be utilized to produce the tissue 

protective cytokines of the present invention. For example, when the tissue protective 
cytokine is based on an EPO molecule, various host-expression systems may be used. Such 
host-expression systems represent vehicles by which EPO may be produced and subsequently 
purified, but also represent cells that may, when transformed or transfected with the 
30 appropriate nucleotide coding sequences, exhibit the modified erythropoietin gene product in 
( situ. These include but are not limited to, bacteria, insect, plant, mammalian, including 

human host systems, such as, but not limited to, insect cell systems infected with recombinant 
virus expression vectors baculovirus) containing EPO coding sequences; plant cell 
systems infected with recombinant virus expression vectors (e.g., cauliflower mosaic virus, 



C00024655 



WO 2005/032467 



PCT/US2004/031789 



CaMV; tobacco mosaic virus, TMV) or transformed with recombinant plasmid expression 
vectors (e.g. 9 Ti plasmid) containing erythropoietin-related molecule coding sequences; or 
mammalian cell systems, including human cell systems, e.g., HT1080, COS, CHO, BHK, 
293, 3T3, harboring recombinant expression constructs containing promoters derived from 

5 the genome of mammalian cells, e.g., metallothionein promoter, or from mammalian viruses, 
e.g., the adenovirus late promoter; the vaccinia virus 7.5K promoter. 

In addition, a host cell strain may be chosen that modulates the expression of the 
inserted sequences, or modifies and processes the gene product in the specific fashion 
desired. Such modifications and processing of protein products may be important for the 

10 function of the protein. As known to those of ordinary skill in the art, different host cells 
have specific mechanisms for the post-translational processing and modification of proteins 
and gene products. Appropriate cell lines or host systems can be chosen to ensure the correct 
modification and processing of the foreign protein expressed. To this end, eukaryotic host 
cells that possess the cellular machinery for proper processing of the primary transcript, 

15 glycosylation, and phosphorylation of the gene product may be used. Such mammalian host 
cells, including human host cells, include but are not limited to HT1080, CHO, VERO, BHK, 
HeLa, COS, MDCK, 293, 3T3, and WI38. 

For long-term, high-yield production of recombinant proteins, stable expression is 
preferred. For example, cell lines that stably express the recombinant tissue protective 

20 cytokine-related molecule gene product may be engineered. Rather than using expression 
vectors that contain viral origins of replication, host cells can be transformed with DNA 
controlled by appropriate expression control elements, e.g., promoter, enhancer, sequences, 
transcription terminators, polyadenylation sites, and the like, and a selectable marker. 
Following the introduction of the foreign DNA, engineered cells may be allowed to grow for 

25 1-2 days in an enriched media, and then are switched to a selective media. The selectable 
marker in the recombinant plasmid confers resistance to the selection and allows cells to 
stably integrate the plasmid into their chromosomes and grow to form foci that in turn can be 
cloned and expanded into cell lines. This method may advantageously be used to engineer 
cell lines that express the EPO mutein-related molecule gene product Such engineered cell 

30 lines may be particularly useful in screening and evaluation of compounds that affect the 
functionality of the EPO-related molecule gene product 

Alternatively, the expression characteristic of an endogenous EPO mutein gene within 
a cell line or microorganism may be modified by inserting a heterologous DNA regulatory 
element into the genome of a stable cell line or cloned microorganism such that the inserted 
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regulatory element is operatively linked with the endogenous erythropoietin mutein gene. 

For example, an endogenous EPO mutein gene that is normally "transcriptionally silent", Le. 9 

an EPO gene that is normally not expressed, or is expressed only at very low levels in a cell 

line, may be activated by inserting a regulatory element that is capable of promoting the 
5 expression of an expressed gene product in that cell line or microorganism. Alternatively, a 

transcriptionally silent, endogenous EPO gene may be activated by insertion of a 

promiscuous regulatory element that works across cell types. 

A heterologous regulatory element may be inserted into a stable cell line or cloned 

microorganism, such it is operatively linked with an endogenous erythropoietin gene, using 
10 techniques, such as targeted homologous recombination, which are well known to those of 

skill in the art, and also described French Patent No. 2646438, U.S. Patent Nos. 4,215,051 

and 5,578,461, and International Publication Nos. WO93/09222 and WO91/06667, the entire 

disclosures of which are incorporated by reference herein. 

15 Pharmaceutical Compositions 

The present invention also relates to pharmaceutical compositions including the tissue 
protective cytokines of the present invention. Because the tissue protective cytokines of the 
present invention advantageously have the ability to ameliorate the effects of 
proinflammatory cytokines, such as TNF, as well as the ability to protect tissues from cell 
20 death, the cytokines are contemplated for the treatment of sepsis, adhesions, wounds, chronic 
disease and inflammatory conditions in individuals also at risk for various tissue inj wies, 
such as stroke and myocardial infarction. 

In addition, the tissue protective cytokines of the present invention are contemplated 
for treatment of sepsis, adhesions, wounds and general inflammatory conditions in 
25 individuals also experiencing deterioration of mental faculties, such as Alzheimer's, 
Parkinson's and the like. 

The pharmaceutical compositions of the invention contain a therapeutically effective 
amount of the tissue protective cytokine of the present invention, preferably in purified form. 
As used herein, the term 'therapeutically effective amount" means an amount of tissue 
30 protective cytokine that is nontoxic but sufficient to provide the desired effect and 
performance at a reasonable benefit / risk ratio attending any medical treatment. 

The formulation should suit the mode of administration. In other words, the 
pharmaceutical compositions of the invention include an amount of the tissue protective 
cytokine(s) of the invention such that the targeted effects of proinflammatory cytokines, Le. 9 
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fever, wasting, lethargy, anemia, edema, ischemia, organ failure, and insulin resistance, or 
conditions related to proinflammatory cytokines, f.e, sepsis, adhesions, wound healing, 
chronic disease or an inflammatory condition, is treatable provided the proper dose and 
strategy is employed. And, as discussed in more detail below, the pharmaceutical 
5 composition should be delivered in a non-toxic dosage amount. 

In one embodiment, a chemically modified or mutated erythropoietin is included in 
the pharmaceutical composition of the invention. In another embodiment the chemically 
modified erythropoietin is a carbamylated BPO. The caibamylated EPO may be an EPO 
molecule with at least one or more modified lysine residues or a modified N-tenninal group. 

10 In another embodiment, the mutated erythropoietin maybe S100E. In addition, the present 
invention contemplates the use of a mixture of tissue protective cytokines produced by any of 
the methods of the present invention described above in the pharmaceutical compositions of 
the invention. For example, the pharmaceutical composition of the invention may include at 
least one carbamylated EPO that is a result of modifying one or more lysine residues and at 

15 least one mutated EPO that is the result of modifying an amino group within erythropoietin, 
suchasSlOOE. 

The pharmaceutical compositions of the invention may include a therapeutically 
effective amount of the tissue protective cytokine and a suitable amount of a 
pharmaceutical^ acceptable carrier so as to provide the form for proper administration to the 

20 patient. In a specific embodiment, the term "pharmaceutically acceptable" means approved 
by a regulatory agency of the Federal or a state government or listed in the U.S. 
Pharmacopeia or other generally recognized foreign pharmacopeia for use in animals, and 
more particularly in humans. The term "carrier" refers to a diluent, adjuvant, excipient, or 
vehicle with which the therapeutic is administered. 

55 Such pharmaceutical carriers can be sterile liquids, such as saline solutions in water 

and oils, including those of petroleum, animal, vegetable or synthetic origin, such as peanut 
oil, soybean oil, mineral oil, sesame oil and the like. A saline solution is a preferred carrier 
when the pharmaceutical composition is administered intravenously. Saline solutions and 
aqueous dextrose and glycerol solutions can also be employed as liquid carriers, particularly 

•0 for injectable solutions. Suitable pharmaceutical excipients include starch, glucose, lactose, 

( sucrose, gelatin, malt, rice, flour, chalk, silica gel, sodium stearate, glycerol monostearate, 
talc, sodium chloride, dried skim milk, glycerol, propylene, glycol, water, ethanol and the 
like. 
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The pharmaceutical compositions of the invention may also contain minor amounts of 
wetting or emulsifying agents, or pH buffering agents. These compositions can take the form 
of solutions, suspensions, emulsion, tablets, pills, capsules, powders, sustained-release 
formulations and the like. 
5 The compounds of the invention can be formulated as neutral or salt forms. 

Phannaceutically acceptable salts include those formed with free amino groups such as those 
derived from hydrochloric, phosphoric, acetic, oxalic, tartaric acids, etc., and those formed 
with free carboxyl groups such as those derived from sodium, potassium, ammonium, 
calcium, ferric hydroxides, isopropylamine, triethylamine, 2-ethylamino ethanol, histidine, 
10 procaine, etc. 



Treatment and Administration Methods 

The aforementioned tissue protective cytokines and pharmaceutical compositions 
including the tissue protective cytokines are intended for the therapeutic or prophylactic 

15 treatment, prevention, delay, and reduction of the effects of proinflammatory cytokines, such, 
as TNF. These effects include fever, wasting, lethargy, anemia, edema, ischemia, organ 
failure and insulin resistance. For example, as demonstrated below in Example 4, the tissue 
protective cytokines of the present invention reduced the fever, elevation of the body's core 
temperature above the body's normal core temperature, associated with the release of 

10 proinflammatory cytokines. As is demonstrated in Figure 6, the administration of a tissue 
protective cytokine, carbamylated erythropoietin, resulted in a greater than 50% reduction in 
the fever experienced as a result of subjecting a rat to LPS. The tissue protective cytokines 
may be administered to treat, prevent, delay or reduce conditions related to proinflammatory 
cytokines such as sepsis and sepsis-related conditions such as adhesions. 

15 In addition, the tissue protective cytokines of the present invention are also 

contemplated for the treatment and prevention of inflammatory conditions in one or more 
organ(s) or tissue(s). The organs include, but are not limited to, the airways and lung, the 
kidney and urinary tract system, and the prostrate. As used herein, the term "inflammatory 
condition" refers to a condition in which mechanisms such as the reaction of specific T 

JO lymphocytes or antibody with antigen causes the recruitment of inflammatory cells and 

?( endogenous mediator chemicals. In some cases, the normal function of the organ or tissue 
will be altered by an increase in vascular permeability and/or by contraction of visceral 
smooth muscle. 
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Thus, the tissue protective cytokines of the present invention may be used to treat 
and/or prevent inflammatory conditions wherein the normal function of the organ(s) or 
tissue(s) is altered. These conditions may include ischemia-related conditions, as well as 
non-ischemia-related conditions, such as allergy, rheumatic diseases, and infection including 
5 viral, fungal, and bacterial infection. Furthermore, the injury or infection may be acute or 
chronic. In one embodiment, the tissue protective cytokines of the invention are 
contemplated for use in treating and/or preventing inflammatory conditions under non- 
ischemia conditions, i.e., conditions where there is a substantially normal blood supply to the 
organ(s) and/or tissue(s) in question. 

10 Furthermore, the tissue protective cytokines of the present invention may be used to 

enhance the healing of wounds. This may be accomplished by reducing the time needed to 
heal, reducing the appearance of or completely eliminate scarring, reducing the risk of 
complications, or otherwise improving the quality of healing. For example, scarring from an 
incision may be dramatically reduced, if not completely avoided, when the tissue protective 

15 cytokines of the present invention are employed prior to, during, or after the incision occurs. 
In addition to surgical procedures the tissue protective cytokines of the present invention are 
useful in addressing wounds resulting from conditions including but not limited to trauma 
(blunt force and cuts), pressure (bed sores), burns, and diseases, such as diabetes or vascular 
insufficiencies. 

10 Moreover, the tissue protective cytokines and pharmaceutical compositions of the 

present invention may be used to address the effects of proinflammatory cytokines, such as 
TNF. As demonstrated in Figures 7a and 7b, the tissue protective cytokines of the present 
invention can reduce the upregulation of proinflammatory cytokines, DL-6 and TNF 
respectively, in response to an injury or infective agent. The tissue protective cytokines of 

'.5 the present invention may be administered in therapeutic doses to treat, prevent, reduce, or 
eliminate effects of proinflammatory cytokines such as fever, wasting, lethargy, anemia, 
edema, ischemia, organ failure and insulin resistance. Given that the tissue protective 
cytokines interfere with the upregulation of proinflammatory cytokines, the tissue protective 
cytokines of the present invention may be able to restore endogenous functions interrupted by 

0 the proinflammatory cytokines without directly affecting those endogenous functions. 

* Additionally, the tissue protective cytokines of the present invention may be administered in 
conjunction with other known therapeutic treatments for conditions related to 
proinflammatory cytokines to provide a synergistic effect For example, a treatment for the 
anemia associated with cancer or other chronic diseases may involve the adrninistration of a 
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typical therapeutic dose of recombinant erythropoietin to restore the patient's hematocrit and 
a therapeutic dose of the tissue protective cytokines of the present invention to counteract the 
effects of proinflammatory cytokines. This would permit the use of lower doses of 
recombinant erythropoietin in such chronic disease thereby greatly reducing the risk of 
thrombotic events. 

The tissue protective cytokines of the present invention may be used for systematic or 
chronic administration, acute treatment, and/or intermittent administration. In one 
embodiment, the pharmaceutical compositions of the invention are administered chronically 
to protect or enhance the target cells, tissue or organ. In another embodiment, the 
pharmaceutical compositions of the invention may be administered acutely, ie. 9 for a single 
treatment during injury. In yet another embodiment, the pharmaceutical compositions of the 
invention are administered in a cyclic nature. 

The compositions of the invention may be administered prior to injury. As such, the 
tissue protective cytokines of the present invention may be administered prior to a surgical 
procedure to prevent sepsis, delay the onset of sepsis, and/or reduce complications from 
sepsis. For example, the tissue protective cytokines of the present invention may be given to 
a patient prior to abdominal surgery. And, as briefly mentioned above, administering the 
tissue protective cytokines of the present invention prior to surgery may not only have an 
effect with regard to sepsis, adhesions, and general inflammatory conditions, but they may 
also reduce the appearance of, or completely eliminate scarring from the surgery. 

In addition, the compositions of the invention may be administered at the time of 
injury or shortly thereafter. Thus, a patient undergoing major abdominal surgery may be 
given the tissue protective cytokines of the present invention at the time o£ or shortly 
thereafter, the surgical procedure in order to prevent, delay the onset of, or reduce 
complications stemming from sepsis, adhesions, or general inflammatory conditions. The 
tissue protective cytokines of the present invention may also reduce the appearance of, or 
completely eliminate scarring from the surgery if administered during or after injury. 

For example, the tissue protective cytokines of the present invention may be used for 
irrigation purposes, e.g. 9 while cleaning the wound, a saline solution including the tissue 
protective cytokine of the present invention may be administered to treat, prevent, delay the 
onset of, or reduce complications stemming from sepsis, adhesions, or general inflammatory 
conditions. Furthermore, the tissue protective cytokines of the present invention may be 
given to a pregnant woman following a cesarean section in order to prevent, delay the onset 
o£ and/or reduce complications from sepsis, adhesions, and/or general inflammatory 
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conditions. As another example, the tissue protective cytokines of the present invention may 
be given to a patient during chemotherapy to stave off sepsis, adhesions, or general 
inflammatory conditions. 

In one embodiment, the tissue protective cytokines of the present invention are 
5 administered intravenously at the time of injury and subcutaneously for a predetermined 
period of time thereafter in order to prevent; delay the onset of, or reduce complications 
stemming from sepsis, adhesions, or general inflammatory conditions. For example, the 
compositions of the invention may be administered in an amount of about 10 /ig/kg 
intravenously at the time of injury followed by 10 ixg/kg subcutaneously for an allotted time. 
.0 In cases of a positive sepsis diagnosis, the compositions of the invention may be 

administered daily to treat sepsis, stabilize the patient, and prevent the sepsis condition from 
progressing to a more serious stage, e.g., severe sepsis or septic shock. In addition, the tissue 
protective cytokines of the present invention maybe administered with known antibiotics, 
anti-fungals, anti-virals, and the like, including those listed within International Publication 
1 5 No. WO 2004/004656, hereby incorporated by reference in its entirety. 

The administration of the composition may be parenteral, le., by a method other than 
the via the digestive tract. For example, parenteral administration may include intravenous 
injection, intraperitoneal injection, intra-arterial, intramuscular, intradermal, or subcutaneous 
administration. The composition may also be administered via inhalation or transmucosally, 
10 e.g. , orally, nasally, rectally, intravaginally, sublingually, submucosally, and transdermally . 
In addition, the tissue protective cytokines of the present invention may be administered 
locally to the area in need of treatment, such as by the use of a perfusate; topical application, 
e.g., in conjunction with a wound dressing after surgery; by injection; by means of a catheter, 
by means of a suppository; or by means of an implant, said implant being of a porous, non- 
25 porous, or gelatinous material, including membranes, such as silastic membranes, or fibers. 
Combinations of the administration methods discussed above are contemplated by the present 
invention. 

In one embodiment, the administration of the pharmaceutical composition of the 
invention is parenteral. Such administration may be performed in a dose amount of about 
30 0.01 pg to about 5 mg, preferably about 1 pg to about 5 mg. In one embodiment, ttxe dose 
amount is about 500 pg to about 5 mg. In another embodiment, the dose amount is about 1 
ng to about 5 mg. In yet another embodiment, the dose amount is about 500 ng to about 5 
mg. In still another embodiment, the dose amount is about 1 /ig to about 5 mg. For example, 
the dose amount may be about 500 fig to about 5 mg. In another embodiment, the dose 
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amount may be about 1 mg to about 5 mg. Such compositions may include aqueous and non- 
aqueous sterile injectable solutions or suspensions, which may contain antioxidants, buffers, 
bacteriostats and solutes that render the compositions substantially isotonic with the blood of 
an intended recipient In this aspect of the invention, the pharmaceutical compositions may 
5 also include water, alcohols, polyols, glycerine, vegetable oils, and mixtures thereof. 

Pharmaceutical compositions adapted for parenteral administration may be presented 
in unit-dose or multi-dose containers, for example sealed ampules and vials, and may be 
stored in a lyophilized (freeze-dried) condition requiring only the addition of a sterile liquid 
carrier, e.g., sterile saline solution for injections, immediately prior to use. Extemporaneous 
10 injection solutions and suspensions may be prepared from sterile powders, granules and 
tablets. In one embodiment, an autoinjector comprising an injectable solution of a long 
acting EPO of the invention may be provided for emergency use by ambulances, emergency 
rooms, and battlefield situations. 

15 Intravenous Administration 

In one embodiment, the pharmaceutical composition of the invention is formulated in 
accordance with routine procedures as a pharmaceutical composition adapted for intravenous 
administration to human beings. For example, the pharmaceutical composition may be in the 
form of a solution in sterile isotonic aqueous buffer. Where necessary, the pharmaceutical 

20 composition may also include a solubilizing agent and/or a local anesthetic such as lidocaine 
to ease pain at the site of the injection. The ingredients may be supplied either separately or 
mixed together in unit dosage form, for example, as a dry lyophilized powder or water-free 
concentrate in a hermetically-sealed container such as an ampule or sachette indicating the 
quantity of active agent. When the pharmaceutical compositions of title invention are to be 

25 administered by infusion, an infusion bottle with sterile pharmaceutical grade water or saline 
may be used for dispensing the composition. And, when the pharmaceutical composition are 
to be administered by injection, an ampule of sterile saline may be provided to mix the 
ingredients may be mixed prior to administration. 

30 Oral Administration 

>t One of ordinary skill in the art will recognize the pharmaceutical compositions of the 

present invention may be adapted for oral administration as capsules or tablets; powders or 
granules; solutions, syrups or suspensions (in aqueous or non-aqueous liquids); edible foams 
or whips; emulsions; or combinations thereof. The oral formulation may include about 10 
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percent to about 95 percent by weight active ingredient. In one embodiment, the active 
ingredient is included in the oral formulation in an amount of about 20 percent to about 80 
percent by weight. In still another embodiment, the oral formulation includes about 25 
percent to about 75 percent by weight of the active ingredient. 

Tablets or hard gelatine capsules may include lactose, starch or derivatives thereof, 
magnesium stearate, sodium saccharine, cellulose, magnesium carbonate, stearic acid or salts 
thereof. Soft gelatine capsules may include vegetable oils, waxes, fats, semi-solid, liquid 
polyols, or mixtures thereof. Solutions and syrups may include water, polyols, sugars, or 
mixtures thereof. 

Moreover, an active agent intended for oral administration may be coated with or 
admixed with a material that delays disintegration and/or absorption of the active agent in the 
gastrointestinal tract. For example, the active agent may admixed or coated with glyceryl 
monostearate, glyceryl distearate, or a combination thereof. Thus, the sustained release of an 
active agent may be achieved over many hours and, if necessary, the active agent can be 
protected from being degraded within the stomach. Pharmaceutical compositions for oral 
adnunistration may also be formulated to facilitate release of an active agent at a particular 
gastrointestinal location due to specific pH or en2ymatic conditions. 

Transdermal Admimstratinn 

Pharmaceutical compositions adapted for transdermal administration may be provided 
as discrete patches intended to remain in intimate contact with the epidermis of the recipient 
for a prolonged period of time. In addition, pharmaceutical compositions adapted for topical 
administration may be provided as ointments, creams, suspensions, lotions, powders, 
solutions, pastes, gels, sprays, aerosols, oils, eye drops, lozenges, pastilles, and mouthwashes 
and combinations thereof. When the topical adnunistration is intended for the skin, mouth, 
eye, or other external tissues, a topical ointment or cream is preferably used. And, when 
formulated in an ointment, the active ingredient, i.e., the long acting EPO, maybe employed 
with either a paraffinic or a water-miscible ointment base. Alternatively, the active 
ingredient may be formulated in a cream with an oil-in-water base or a water-in-oil base. 
When the topical administration is in the form of eye drops, the pharmaceutical compositions 
of the invention preferably include the active ingredient, which is dissolved or suspended in a 
suitable carrier, e.g., in an aqueous solvent 



Nasal and Pulmonary Administration 
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Pharmaceutical compositions adapted for nasal and pulmonary administration may 
include solid carriers such as powders (preferably haying a particle size of about 20 microtis 
to about 500 microns). Powders may be administered by rapid inhalation through the nose 
from a container of powder held close to the nose. In an alternate embodiment, 
pharmaceutical compositions intended for nasal adininistration according to the present 
invention may include liquid carriers, e.g., nasal sprays or nasal drops. Preferably, the 
pharmaceutical compositions of the invention are administered into the nasal cavity directly. 

Direct lung inhalation may be accomplished by deep inhalation through a mouthpiece 
into the oropharynx and other specially adapted devices including, but not limited to, 
pressurized aerosols, nebulizers or insufflators, which can be constructed so as to provide 
predetermined dosages of the active ingredient. Pharmaceutical compositions intended for 
lung inhalation may include aqueous or oil solutions of the active ingredient. Preferably, the 
pharmaceutical compositions of the invention are administered via deep inhalation directly 
into the oropharynx. 

Rectal and Vaginal Administration 

Pharmaceutical compositions adapted for rectal administration may be provided as 
suppositories or enemas, hi one embodiment, the suppositories of the invention includes 
about 0.5 percent to 10 percent by weight of active ingredient. In another embodiment, the 
suppository includes about 1 percent to about 8 percent by weight active ingredient. In still 
another embodiment, the active ingredient is present in the suppository in an amount of about 
2 percent to about 6 percent by weight. In this aspect of the invention, the pharmaceutical 
compositions of the invention may include traditional binders and carrier, such as 
triglycerides. 

Pharmaceutical compositions adapted for vaginal administration may be provided as 
pessaries, tampons, creams, gels, pastes, foams or spray formulations. 

Perfusion Administration 

The pharmaceutical compositions of the invention may also be administered by use of 
a perfusate, i.e., pumping a liquid into an organ or tissue (especially by way of blood vessels). 
In such embodiments, the pharmaceutical composition preferably has about 0.01 pM to about 
30 pM, preferably about 15 pM to about 30 nM, of the tissue protective cytokine of the 
present invention, In one embodiment, the perfusion solution is the University of Wisconsin 
(UW) solution (with a pH of about 7.4 to about 7.5 and an osmolality of about 320 mOSm/1), 
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which contains about 1 U(10ng)/ml to about 25 U(250ng)/ml of an EPO compound of the 
present invention; 5 percent hydroxyethyl starch (preferably having a molecular weight from 
about 200,000 to about 300,000 and substantially free of ethylene glycol, ethylene 
chlorohydrin, sodium chloride, and acetone), 25 mM KH2PO4, 3 mM glutathione; 5 mM 
5 adenosine; 10 mM glucose; 10 mM HEPES buffer; 5 mM magnesium gluconate; 1 .5mM 
CaCk; 105 mM sodium gluconate; 200,000 units penicillin; 40 units insulin; 16 mg 
dexamethasone; and 12 mg phenol red. The UW solution is discussed in detail in U.S. Patent 
No. 4,798,824, which is incorporated in its entirety by reference herein. 

10 Local Administration 

It may be desirable to administer the pharmaceutical compositions of the invention 
locally to the area in need of treatment. Such administration may be achieved by local 
infusion during surgery; topical application, e.g. 9 in conjunction with a wound dressing after 
surgery; by injection; by means of a catheter; by means of a suppository, or by means of an 

1 5 implant, said implant being of a porous, non-porous, or gelatinous material, including 
membranes, such as silastic membranes, or fibers. 

Controlled-Release Systems 

In addition, as briefly discussed above with respect to transdermal administration, the 

10 tissue protective cytokines of the present invention may be delivered in a controlled-release 
system. For example, the tissue protective cytokine may be administered using intravenous 
infusion, an implantable osmotic pump, a transdermal patch, liposomes, or other modes of 
administration. Such controlled release systems may be placed in proximity of the 
therapeutic target, i.e. 9 the target cells, tissue or organ, thus requiring only a fraction of the 

\S systemic dose. 

Dosing 

Selection of the preferred effective and non-toxic dose for the administration methods 
above will be determined by a skilled artisan based upon factors known to one of ordinary 
>0 skill in the art. Examples of these factors include the particular form of tissue protective 
?( cytokine; the pharmacokinetic parameters of the tissue protective cytokine, such as 

bioavailability, metabolism, half-life, etc. (provided to the skilled artisan); the condition to be 
treated; the benefit to be achieved in a normal individual; the body mass of the patient; the 
method of administration; the frequency of administration, z.e, chronic, acute, intermittent; 
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concomitant medications; and other factors well known to affect the efficacy of administered 
pharmaceutical agents. Thus the precise dosage should be decided according to the judgment 
of the practitioner and the circumstances of the particular patient. 

5 Treatment Kits 

The invention also provides a pharmaceutical pack or kit that include one or more 
containers filled with one or more of the ingredients of the pharmaceutical compositions of 
the invention. In one embodiment, the effective amount of the tissue protective cytokine and 
a phannaceutically acceptable carrier may be packaged in a single dose vial or other 
0 container. 

When the pharmaceutical composition of the invention is adapted for parenteral 
administration, for example, the composition may be stored in a lyophilized condition. Thus, 
the kit may include the lyophilized composition, a sterile liquid carrier, and a syringe for 
injections. 

5 In one embodiment, the kit includes an ampule containing enough lyophilized 

material for several treatments such that the administrator would weigh out a specific amount 
of material and add a specific amount of carrier for each treatment session. In another 
embodiment the kit may contain a plurality of ampules each containing specific amounts of 
the lyophilized material and a plurality of containers each containing specific amounts of 

0 carrier, such that the administrator need only mix the contents of one ampule and one carrier 
container for each treatment session without measuring or weighing. In yet another 
embodiment, the kit contains an autoinjector including an injectable solution of the tissue 
protective cytokine(s) of the invention. In still another embodiment, the kit contains at least 
one ampule with the lyophilized composition, at least one container of carrier solution, at 

5 least one container with a local anesthetic, and at least one syringe (or the like). The ampules 
and containers are preferably hentietically-sealed. 

When the pharmaceutical compositions of the invention are to be administered by 
' infusion, the kit preferably includes at least one ampule with the pharmaceutical composition 
and at least one infusion bottle with sterile pharmaceutical grade water or saline. 

0 A kit according to the present invention may also include at least one mouthpiece or 

^ specially adapted devices for direct lung inhalation such as pressurized aerosols, nebulizers, 
or insufflators. In this aspect of the invention, the kit may include the device for direct lung 
inhalation, which contains the pharmaceutical composition, or the device and at least one 
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ampule of aqueous or oil solutions of the tissue protective cytokine(s) of the present 
invention. 

When the tissue protective cytokine(s) of the invention is adapted for oral, 

transdermal, rectal, vaginal, or nasal, the kit preferably includes at least one ampule 
i containing the active ingredient and at least one administration aid. Examples of 

administration aids include, but are not limited to, measuring spoons (for oral administration), 

sterile cleaning pads (for transdermal adminstration, and nasal aspirators (for nasal 

administration). Such kits may include a single dose of the tissue protective cytokine (acute 

treatment) or a plurality of doses (prolonged treatment). 
) In addition, the kit may be outfitted with one or more types of solutions. For 

example, the tissue protective cytokines of the invention may be made in an albumin solution 

and apolysorbate solution. If the kit includes the polysorbate solution, the words "Albumin 

free" preferably appear on the container labels as wells as the kit main panels. 

Moreover, the kit may also include a notice in the form prescribed by a governmental 
5 agency regulating the manufacture, use or sale of pharmaceuticals or biological products, 

which notice reflects approval by the agency of manufacture, use or sale for human 

administration. 

Assays to Determine Sepsis / Inflammation Treatability 

0 The present invention also contemplates assays to determine whether a tissue 

protective cytokine is able to effectively treat, prevent, delay the onset of, or reduce 
complications of sepsis, adhesions, and inflammation resulting from infection. Any assay 
that includes laboratory controlled sepsis induction, adhesion induction, or inflammatory 
response induction is contemplated for the present invention. 

:5 For example, a suitable assay according to the invention may include a blind study 

where the cecum of Sprague Dawley rats are exposed and ligated just distally to the ileocecal 
valve to avoid intestinal obstruction. The cecum is then be punctured and squeezed gently to 
force out a small amount of feces, and then returned to the abdominal cavity. The release of 
feces into the organ induces infection which, in turn, induces sepsis, adhesions, inflammation, 

10 or a combination thereof. The abdomen is then sutured. The rats are preferably separated 

H into groups with at least one group receiving saline and another group receiving the tissue 
protective cytokine to be tested. At the time of ligation, the various groups of animals are 
given a predetermined amount of saline or the tissue protective cytokine, preferably 
intraveneously. Subcutaneous administration of the selected treatment, saline or the 
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tissue protective cytokine, may be undertaken for a predetermined time following the ligation 
procedure. In addition, the study may include a group of rats that have been opened, but not 
subj ected to infection. 

The animals may then be monitored for adhesions and illness scores. Table 1 
5 provides a method of scoring an animal based on the formation of adhesions. 



Table 1. Cumulative Adhesion Scoring Scale 


Points 


0 


No adhesions 




! + 1 


One adhesive band from the omentum to the target organ 




i + 1 


One adhesive band from the omentum to the scar 




+ 1 


One adhesive band from the omentum to the another place 




+ 1 


One adhesive band from adnexa / epididymal fat bodies to the target organ 


— 3- 


One adhesive band from adnexa / epididymal fat bodies to scar 




One adhesive band from adnexa / epididymal fat bodies to another place 




+ 1 


Any adhesive band other than described above^e.g., liver to scar) 




+ 1 


Target organ adherent to abdominal wall 




+ 1 


Target organ adherent to abdominal scar 




+ 1 


Target organ adherent to bowel 




+ 1 


Target organ adherent to liver or spleen 




+ 1 


Any other or^an adherent 


Total 
Score 







One point is given for each adhesion and a cumulative adhesion score is calculated. 
In one embodiment, the cumulative adhesion score is preferably 8 or less. In another 

0 embodiment, the cumulative adhesion score is about 5 or less. In still another embodiment, 
the cumulative adhesion score is about 3 or less. 

An illness score may also be calculated for each animal based on a variety of factors. 
Factors used for this score include, but are not limited to, behavioral factors such as walking 
posture, rope hanging ability, investigatory behavior regarding surroundings, climbing foam 

5 pad up a wall, body responses such as erectness of hair, and oxygenation, and the number of 
adhesions formed. For example, when a rat is ill, the animal will hunch while walking and 
will not investigate his/her surroundings. In addition, the pulse rate of an ill rate is 
inaccurate, while a healthy rat typically has a pulse rate of about 300 beats/minute. Table 2 
provides a method of scoring each animal with regard to illness in order to assess the 

!l effectiveness of the tissue protective cytokine being used for treatment 
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Table 2. Cumulative Illness Score 


Behavioral Tests 


+ 1 


piloerection (hairs stand to erect) 


+ 1 


immobility 


+ 1 


Loss of Beam Balance 


+ 1 


unable to hold or climb 


+ 1 


Not using claws 


+ 1 


Becoming hunchbacked 


+ 1 


Abnormal walking 


+ 1 


No exploration of surroundings 


+ 1 


Not grasping a string within 30 seconds 


+ 1 


reduced reflexes 


+ 1 


Lack of appetite (food and drink) 


+ 1 


Loss of body weight 


+ 1 


moribund 


+ 1 


Abnormal Heart Rate (< or > 50% normal) 


+ 1 


Spontaneous Hemorrhage 


+ 1 


Decreased Oxygen Saturation 


Total 
Score 





On a continuum, a cumulative illness score of 14 or above signifies the death of the 
animal, while a much lower score indicates that the animal is relatively healthy. In one 
embodiment, a sepsis-induced animal has an illness score of about 5 or less after 8 days of 
5 treatment with at least one tissue protective cytokine of the invention. In another 

embodiment, an animal has an illness score of about 4 or less after treatment, hi yet another 
embodiment, an animal has an illness score of about 2 or less after treatment. In still another 
embodiment, an animal has an illness score of about 1 or less after treatment. 

10 EXAMPLES 

The following non-limiting examples are merely illustrative of the preferred 
embodiments of the present invention, and are not to be construed as limiting the invention, 
the scope of which is defined by the appended claims. Parts are by weight unless otherwise 
indicated. 

15 

Example 1: Blind Study Using Rat Abdominal Sepsis Model 

The cecum of Sprague Dawley rats was exposed, ligated just distally to the ileocecal 
valve to avoid intestinal obstruction, punctured twice with a 18-gauge needle, squeezed 
gently to force out a small amount of feces, and then returned to the abdominal cavity (feces 
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introduced in peritoneum, which induced infection). The abdomen was closed with 3-0 silk 
sutures. 

The animals were allocated to two groups: 

Group 1 : Sepsis induced, treated with saline (n = 8). At time of ligation, animals in 
5 Group 1 were given 100 fil saline intraveneously. Daily subcutaneous saline administration 
(100 fil) followed for 8 days or until death. 

Group 2: Sepsis induced, treated with carbamylated EPO (n = 8). At time of ligation, 
animals were given 10 fig/kg carbamylated EPO (prepared so that erythropoietic activity is 
effectively eliminated) intraveneously in 100 fd of saline. Daily subcutaneous treatment 
10 followed for 8 days (or until death) at a dosage amount of 10 fig/kg in 100 fil saline. 

Morbidity and Mortality 

In Group 1, less than about 50 percent of the animals survived after 8 days. In Group 
2, however, the survival rate was greater than about 50 percent, as illustrated graphically in 

1 5 FIG. 1 • In particular, one day following the treatment there was about a 60 percent survival 
rate for animals in Group 1 compared to about a 80 percent survival rate for animals in Group 
2. After 3 days, however, the survival rate of Group 1 dropped significantly to about 25 
percent survival rate, whereas the survival rate of Group 2 animals was greater than about 60 
percent. Thus, the animals receiving the carbamylated EPO of the present invention had a 

20 much higher survival rate than animals receiving saline. 

Cumulative Adhesion Score 

Specimens were taken from the peritoneal fluid and abscesses for aerobic and 
anaerobic culture. For aerobic culture, samples were incubated on blood on EMB agar for 24 
25 hours at 37°C. For anaerobic culture, samples were layered on anaerobic blood agar and 
incubated in a Gas-Pakjar for 24 hours at 37°C Growing colonies were identified with 
standard bacteriologic techniques. 

Dead animals were autopsied within 4 hours and the causes of death were recorded. 
Using Table 1 described earlier in the application, a cumulative adhesion score was 
30 calculated for each animal 24 hours post-injury and then averaged for the group (shown 
w graphically in FIG. 2). In particular, the average total score of Group 1 was about 10, 

whereas the average total score of Group 2 was about 6. In sum, the animals receiving the 
carbamylated EPO of the present invention had less adhesions than animals receiving saline. 
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I llness Score 

An illness score was calculated as described earlier in the application in Table 2 and 
the results are illustrated graphically in FIG. 3. In particular, one day following the 
treatment, the average illness score of Group 1 animals was about 9 compared to an average 

5 illness score of Group 2 animals of about 3. After 5 days, the Group 1 animals had an 
average illness score of about 12, whereas the Group 2 animals had an average illness score 
of about 5 or less. 

Scarring 

10 The rats were also visually examined for scarring from the incisions. Group 2 rats 

had less scarring than Group 1 rats. 

Example 2: Blind Study Using Rat Abdominal Sepsis Model 

The cecum of Sprague Dawley rats was exposed, ligated just distally to the ileocecal 
15 valve to avoid intestinal obstruction, punctured twice with a 18-gauge needle, squeezed 

gently to force out a small amount of feces, and then returned to the abdominal cavity (feces 
introduced in peritoneum, which induced infection). The abdomen was closed with 3-0 silk 
sutures. 

The animals were allocated to three groups: 
20 Group 1 : Opened as described above, but no sepsis induced (n = 6). 

Group 2: Sepsis induced, treated with saline (n = 8). At time of ligation, animals in 
Group 2 were given 100/d saline intraveneously. Daily subcutaneous saline administration 
(100 ill) followed for 8 days (or until death). 

Group 3 : Sepsis induced, treated with carbamylated EPO (n = 8). At time of ligation, 
25 animals were given 10 fig/kg carbamylated EPO in 100 ill saline intraveneously. Daily 

subcutaneous treatment followed for 8 days (or until death) at a dosage amount of 10 /ig/kg in 
100 pX saline. 

Cumulative Adhesion Score 
30 Specimens were taken from the peritoneal fluid and abscesses for aerobic and 

6 anaerobic culture. For aerobic culture, samples were incubated on blood on EMB agar for 24 
hours at 37°C. For anaerobic culture, samples were layered on anaerobic blood agar and 
incubated in a Gas-Pak jar for 24 hours at 37°C Growing colonies were identified with 
standard bacteriologic techniques. 
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Dead animals were autopsied within 4 hours and the causes of death were recorded. 
Using Table 1 described earlier in the application, a cumulative adhesion score was 
calculated for each animal 24 hours post-injury and then averaged for the group (shown 
graphically in FIG. 4). In particular, the average total score of Groups 1, 2, and 3 were less 
5 than about 2, about 10 and about 6, respectively. Thus, the animals receiving the 

carbamylated EPO of the present invention had less adhesions than animals receiving saline. 

Tumor Necrosis Factor Study 

The level of tumor necrosis factor (TNF) present in the blood of animals after a period 

10 of time was examined using an ELISA from R&D Systems (#RTA00) capable of to detecting 
rat TNF-alpha for each group in an effort to determine a mechanism behind carbamylated 
EPO's ability to decrease adhesions. As shown in FIG. 5, the difference in the amount of 
TNF after 24 hours is not significantly different between the three groups. After three hours 
(peak inflammation), the amount of TNF in the system decreased for all three groups. These 

15 results suggest that the accepted mechanism behind adhesions, i.e., an inflammatory 
response, may not be the accurate mechanism. In fact, the TNF study suggests that the 
mechanism behind adhesion maybe due to cell death and, because the carbamylated EPO of 
the present invention has a tissue protective function, the adhesions may decrease upon 
administration because of decreased cell necrosis. 

20 

Scarring 

Upon visual examination, the rats in Group 3 had substantially less scarring than 
Groups 1 and 2. 

25 Example 3; Blind Study Using Abdominal Sepsis Model 

The cecum of Sprague Dawley rats was exposed, ligated just distally to the ileocecal 
valve to avoid intestinal obstruction, punctured twice with a 18-gauge needle, squeezed 
gently to force out a small amount of feces, and then returned to the abdominal cavity (feces 
introduced in peritoneum, which induced infection). The abdomen was closed with 3-0 silk 
30 sutures. 
^ The animals were allocated to four groups: 

Group 1 : Opened as described above, but no sepsis induced (n = 6). 
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Group 2: Sepsis induced, treated with saline (n = 8). At time of ligation, animals in 
Group 2 were given 100 saline intraveneously. Daily subcutaneous saline administration 
(10O fil) followed for 8 days (or until death). 

Group 3: Sepsis induced, treated with rhu-EPO (n=8). At time of ligation, animals 
5 were given 10 jig/kg rhu-EPO intraveneously in 100 fd saline. Daily subcutaneous treatment 
followed for 8 days (or until death) at a dosage amount of 10 ug/kg in 100 jd of saline. 

Group 4: Sepsis induced, treated with carbamylated EPO (n = 8). At time of ligation, 
animals were given 10 /ig/kg carbamylated EPO intraveneously in 100 /xl saline. Daily 
subcutaneous treatment followed for 8 days (or until death) at a dosage amount of 10 jxg/kg in 
10 100 fil saline 

Morbidity and Mortality 

One day following ligation, all of the animals in Group 1 (sham) survived, whereas 
none of the animals in Group 2 survived. Only 2 of the animals in Group 3 (rhu-EPO) 
15 survived compared to 5 animals in Group 4. Thus, the animals receiving the carbamylated 
EPO of the present invention had a much higher survival rate than animals receiving saline or 
rhu-EPO. 

Scarrinz 

20 Upon visual examination, the rats in Group 4 had substantially less scarring than 

Groups 1-3. 

Example 4; Lipopolvsaccharidc induced response in Rats 

25 The purpose of this example was to determine the effectiveness of carbamylated 

erythropoietin on sepsis-like symptoms induced by lipopolysaccharide (LPS). LPS is an 
endotoxin present on the surface of bacteria which induces sepsis-like response (core 
temperature increase and cytokine induction) in animals. Male Sprague/Dawley rats (300- 
350g) were administered 240 ug/kg, i.p. The animals were then treated with saline (n=6) or 

30 carbamylated erythropoietin (n=6) at 10 ug/kg, i.v. The concentration dependent effects of 

;f LPS on core body temperature were then determined. Alternatively, the direct 
intraventricular application (Seeley et al, (1996) Horm Metab Res. 28:664-8.) of 
carbamylated erythropoietin (5 ug/kg in 2 ul) was administered to determine if the route of 
application alters the core temperature differentially. Core temperature will be monitored 
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during the first 24 hrs. In some cases, blood was removed for subsequent cytokine (e.g., 
TNF, EL-6) analysis. Seeley et al, (1996) Horm Metab Res. 28:664-8. 

Core Temperature. 

5 

As part of the sepsis-like conditions induced by LPS, the animals administered LPS 
experience a biphasic fever. The first phase of the fever is characterized by a precise increase 
in temperature accompanied by an increase in blood pressure and wakefulness of the afflicted 
individual. Whereas the second phase of the fever is less precise, and is accompanied by 
O either normotension or hypotension as well as lethargy and sleepiness. It is theorized that the 
phases of the fever represent a transition in the strategy that the body utilizes to combat the 
sickness. (Romanovsky et al 9 Am. J. Physiol 271 : R244-R253, 1996) In the present 
example, the administration of carbamylated erythropoietin to LPS treated animals resulted in 
a reduction in both phases of the fever as demonstrated by Figure 6. 

5 

Serum levels of TNF and 11-6 . 

Carbamylated erythropoietin's ability to mediate the fever response to LPS was further 
correlated by its ability to suppress the presence of pyrogenic cytokines such as TNF and EL- 
10 6, as demonstrated in Figure 7(a) and Figure 7(b). ELIS A was used to determine the 

presence of TNF and DL-6 within the serum sampled from the rats. Both Figures 7(a) and 
7(b) demonstrate that the treatment with carbamylated erythropoietin significantly reduced 
the presence of pro-inflammatory cytokines, IL-6 and TNF. 

15 Peripheral v. Central Administration of Carbamylated Erythropoietin . 

In order to rule out the direct effect of carbamylated erythropoietin upon the hypothalamus, 
the carbamylated erythropoietin was administered intraventricularly in the maimer noted 
above. As Figure 8(a) and Figure 8(b) demonstrate, there was no correlation in the reduction 
50 of core temperature between the peripherally and centrally administered carbamylated 

erythropoietin. In light of these results as well as carbamylated erythropoietin's effects on 
the pyrogenic cytokines, it appears that carbamylated erythropoietin effects the core 
temperature through the suppression of the pyrogenic cytokines. This suggests that tissue 
^ protective cytokines, such as carbamylated erythropoietin, are useful in mediating, 
15 ameliorating or preventing the effects of these cytokines in chronic illnesses (wasting, 
lethargy, anemia, etc.). 
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Example 5: Effect of Erythropoietin analogues on Ischemic Skin Flap Injury in Rats 

An ischemic wound flap model was performed to determine the effect of caibamylated 

5 erythropoietin on ischemic skin flap wound recovery. Male Sprague/Dawley rats (300-350g) 
were anesthetized using isoflurane. A skin flap 9 cm long and 3 cm wide was then cut in the 
back of the rat. The flap included skin, subcutaneous layer and panniculus carnosus. 
Following incision, the flap was raised and then immediately re-sutured in its bed, as 
described (Buemi, M., et al., (2002) Acta Derm. Venereol. 82:411-417; Sarau, A., et al., 

0 (2003) Laryngoscope. 113:85-89). Animals were dosed with an erythropoietin analogue, 
carbamylated EPO, (0.3 \ig/kg 9 s.c.) immediately following surgery, day 1, day 2 and then 
bi-weeldy during analysis. Animals were weighed and the wound photographed weekly. 
Buemi, M., et al., (2002) Acta Derm. Venereol 82:41 1-417. The area of the wound healed 
was then quantified based on photographs of the animals taken 34 days following the 

.5 proceedure. As is demonstrated in Figure 9, the rats that received carbamylated 

erythropoietin had a greater percentage of the wound healed than those treated with saline for 
the same time period. 

The invention described and claimed herein is not to be limited in scope by the 
specific embodiments herein disclosed, since these embodiments are intended as illustrations 

!0 of several aspects of the invention. In particular, one of ordinary skill in the art will 
recognize that althought the above examples were performed using carbamylated EPO, 
similar results would be expected of any of the tissue protective cytokines of the present 
invention. Any equivalent embodiments are intended to be within the scope of this 
invention. Indeed, various modifications of the invention in addition to those shown and 

!5 described herein will become apparent to those skilled in the art from the foregoing 

description. Such modifications are also intended to fall within the scope of the appended 
claims. All patents and patent applications cited in the foregoing text are expressly 
incorporate herein by reference in their entirety. 

10 
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CLAIMS 

What is claimed is: 

1 . A method of treating, preventing, delaying the onset o£ or reducing the effects of 
5 pro inflamma tory cytokines in a mammal comprising the steps of administering a 

therapeutically effective amount of at least one tissue protective cytokine in a pharmaceutical 
carrier. 

2. The method of claim 1 , wherein the at least one tissue protective cytokine comprises a 
1 0 chemically modified erythropoietin or mutated erythropoietin. 

3 . The method of claim 2, wherein the the chemically modified erythropoietin is selected 
from the group consisting of i) an erythropoietin that lacks sialic acid moieties, ii) an 
erythropoietin having at least no sialic acid moieties; iii) an erythropoietin having at least 

1 5 no N-linked or no O-linked carbohydrates; iv) an erythropoietin having at least a reduced 
carbohydrate content by virtue of treatment of native erythropoietin with at least one 
glycosidase; v) an erythropoietin having at least one or more oxidized carbohydrates; vi) 
an erythropoietin having at least one or more oxidized carbohydrates and is chemically 
reduced; vii) an erythropoietin having at least one or more modified arginine residues; 

20 viii) an erythropoietin having at least one or more modified lysine residues or a 

modification of the N-terminal amino group of the erythropoietin molecule; ix) an 
erythropoietin having at least a modified tyrosine residue; x) an erythropoietin having at 
least a modified aspartic acid or a glutamic acid residue; xi) an erythropoietin having at 
least a modified tryptophan residue; xii) an erythropoietin having at least one amino 

25 group removed; xiii) an erythropoietin having at least an opening of at least one of the 
cystine linkages in the erythropoietin molecule; or xiv) a truncated erythropoietin. 

4, The method of claim 3, wherein the chemically modified erythropoietin lacks 
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erythropoietin's erythropoietic effects. 

5. The method of claim 4, wherein the chemically modified erythropoietin comprises 
carbamylated erythropoietin. 

5 

6. The method of claim 2, wherein the mutated erythropoietin is selected from the group 
consisting of one or more of the following mutations C7S, R10I, VI IS, L12A, E13A, R14A, 
R14B, R14E, R14Q, Y15A, Y15F, Y15I, K20A, K20E, E21A, C29S, C29Y, C33S, C33Y, 
P42N, T44I, K45A, K45D, V46A, N47A, F48A, F48I, Y49A, Y49S, W51F, W51N, Q59N, 

10 E62T, L67S, L70A, D96R, K97D, S100R, S100E, S100A, S100T, G101A, G101I, L102A, 
R103A, S104A, S104I, L105A, T106A, T106I, T107A, T107L, L108K, L108A, S126A, 
F142I, R143A, S146A, N147K, N147A, F148Y, L149A, R150A, G151A, K152A, L153A, 
L155A, C160S, I6A, C7A, B13A, N24K, A30N, H32T, N38K, N83K, P42A, D43A, K52A, 
K97A, K116A, T132A, I133A, T134A, K140A, P148A, R150B, G151A, K152W, K154A, 

15 G158A, C161A, and/or R162A. 

7. The method of claim 6, wherein the mutated erythropoietin lacks erythropoietin's 
erythropoietic effects. 

20 8. The method of claim 1 wherein the proinflammatory cytokine comprises an 
InterleukinorTNF. 

9. The method of claim 8 wherein the proinflammatory cytokine is TNF. 

25 1 0. The method of claim 1 wherein the effect of the proinflammatory cytokine comprises 
fever, wasting, lethargy, anemia, edema, ischemia, organ failure and insulin resistance. 

11. A method of treating, preventing, delaying the onset of a condition associated with an 
effect of pro infl a mm atory cytokines in a mammal comprising the steps of administering a 
$ j30 therapeutically effective amount of at least one tissue protective cytokine in a pharmaceutical 
carrier. 



39 

C00024655 



WO 2005/032467 PCT/US2004/031789 

12. The method of claim 1 1 , wherein the at least one tissue protective cytokine comprises 
a chemically modified erythropoietin or mutated erythropoietin. 

1 3 . The method of claim 12, wherein the the chemically modified erythropoietin is 

5 selected from the group consisting of i) an erythropoietin that lacks sialic acid moieties, 
ii) an erythropoietin having at least no sialic acid moieties; iii) an erythropoietin having at 
least no N-linked or no O-linked carbohydrates; iv) an erythropoietin having at least a 
reduced carbohydrate content by virtue of treatment of native erythropoietin with at least 
one glycosidase; v) an erythropoietin having at least one or more oxidized carbohydrates; 

10 vi) an erythropoietin having at least one or more oxidized carbohydrates and is 

chemically reduced; vii) an erythropoietin having at least one or more modified arginine 
residues; viii) an erythropoietin having at least one or more modified lysine residues or a 
modification of the N-terminal amino group of the erythropoietin molecule; ix) an 
erythropoietin having at least a modified tyrosine residue; x) an erythropoietin having at 

1 5 least a modified aspartic acid or a glutamic acid residue; xi) an erythropoietin having at 
least a modified tryptophan residue; xii) an erythropoietin having at least one amino 
group removed; xiii) an erythropoietin having at least an opening of at least one of the 
cystine linkages in the erythropoietin molecule; or xiv) a truncated erythropoietin. 

20 14. The method of claim 13, wherein the chemically modified erythropoietin lacks 
erythropoietin's erythropoietic effects. 

15. The method of claim 14, wherein the chemically modified erythropoietin comprises 
carbamylated erythropoietin. 

25 

16. The method of claim 12, wherein the mutated erythropoietin is selected from the 
group consisting of one or more of the following mutations C7S, R10I, VI IS, L12A, E13A, 
R14A, R14B, R14E, R14Q, Y15A, Y15F, Y15I, K20A, K20E, E21A, C29S, C29Y, C33S, 
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C33Y, P42N, T44I, K45A, K45D, V46A, N47A, F48A, F48I, Y49A, Y49S, W51F, W51N, 
Q59N, E62T, L67S, L70A, D96R, K97D, S100R, S100E, S100A, S100T, G101A, G101I, 
L102A, R103A, S104A, S104I, L105A, T106A, T106I, T107A, T107L, L108K, L108A, 
S126A, F142I, R143A, S146A, N147K, N147A, F148Y, L149A, R150A, G151A, K152A, 
5 L153A, L155A, C160S, I6A, C7A, B13A, N24K, A30N, H32T, N38K, N83K, P42A, D43A, 
K52A, K97A, K116A, T132A, I133A, T134A, K140A, P148A, R150B, G151A, K152W, 
K154A, G158A, C161A, and/or R162A. 

1 7. The method of claim 1 6, wherein the mutated erythropoietin lacks erythropoietin's 
10 erythropoietic effects. 

1 8. The method of claim 1 1 , wherein the condition associated with the effects of 
proinflammatory cytokines comprises sepsis, adhesions, wounds, inflammation or chronic 
disease. 

15 

19. A pharmaceutical composition comprising an amount of at least one tissue protective 
cytokine effective in treating, preventing, delaying the onset of, or reducing the effects of 
proinflammatory cytokines in a mammal. 

20 20. The pharmaceutical composition of claim 19, wherein the at least one tissue 
protective cytokine comprises a chemically modified erythropoietin or mutated 
erythropoietin. 

21. The pharmaceutical composition of claim 20, wherein the the chemically modified 
25 erythropoietin is selected from the group consisting of i) an erythropoietin that lacks sialic 
acid moieties, ii) an erythropoietin having at least no sialic acid moieties; iii) an 
erythropoietin having at least no N-linked or no O-linked carbohydrates; iv) an 
erythropoietin having at least a reduced carbohydrate content by virtue of treatment of 
* native erythropoietin with at least one glycosidase; v) an erythropoietin having at least 

JO one or more oxidized carbohydrates; vi) an erythropoietin having at least one or more 
oxidized carbohydrates and is chemically reduced; vii) an erythropoietin having at least 
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one or more modified arginine residues; viii) an erythropoietin having at least one or 
more modified lysine residues or a modification of the N-terminal amino group of the 
erythropoietin molecule; ix) an erythropoietin having at least a modified tyrosine residue; 
x) an erythropoietin having at least a modified aspartic acid or a glutamic acid residue; xi) 
5 an erythropoietin having at least a modified tryptophan residue; xii) an erythropoietin 
having at least one amino group removed; xiii) an erythropoietin having at least an 
opening of at least one of the cystine linkages in the erythropoietin molecule; or xiv) a 
truncated erythropoietin. 

10 22. The pharmaceutical composition of claim 21, wherein the chemically modified 
erythropoietin lacks erythropoietin's erythropoietic effects. 

23. The phannaceutical composition of claim 22, wherein the chemically modified 
erythropoietin comprises carbamylated erythropoietin. 

15 

24. The phannaceutical composition of claim 20, wherein the mutated erythropoietin is 
selected from the group consisting of one or more of the following mutations C7S, R10I, 
V11S, L12A, E13A, R14A, R14B, R14E, R14Q, Y15A, Y15F, Y15I, K20A, K20E, E21A, 
C29S, C29Y, C33S, C33Y, P42N, T44I, K45A, K45D, V46A, N47A, F48A, F48I, Y49A, 

10 Y49S, W51F, W51N, Q59N, E62T, L67S, L70A, D96R, K97D, S100R, S100E, S100A, 
S100T, G101A, G101I, L102A, R103A, S104A, S104I, L105A, T106A, T106I, T107A, 
T107L, L108K, L108A, S126A, F142I, R143A, S146A, N147K, N147A, F148Y, L149A, 
R150A, G151A, K152A, L153A, L155A, C160S, I6A, C7A, B13A, N24K, A30N, H32T, 
N38K, N83K, P42A, D43A, K52A, K97A, Kl 16A, T132A, I133A, T134A, K140A, P148A, 

15 R150B, G151A, K152W, K154A, G158A, C161A, and/or R162A. 

25. The phannaceutical composition of claim 24, wherein the mutated erythropoietin 

** 

lacks erythropoietin's erythropoietic effects. 
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26. The pharmaceutical composition of claim 19 wherein the proinflammatory cytokine 
comprises an Interleukin or TNF. 

27. The pharmaceutical composition of claim 26 wherein the proinflammatory cytokine is 
5 TNF. 

28. The pharmaceutical composition of claim 19 wherein the effect of the 
proinflammatory cytokine comprises fever, wasting, lethargy, anemia, edema, ischemia, 
organ failure and insulin resistance. 

10 

29. A pharmaceutical composition comprised of an amount of at least one tissue 
protective cytokine effective in treating, preventing, delaying the onset of a condition 
associated with proinflammatory cytokines in a mammal. 

15 30. The pharmaceutical composition claim 29, wherein the at least one tissue protective 
cytokine comprises a chemically modified erythropoietin or mutated erythropoietin. 

3 1 , The pharmaceutical composition claim 30, wherein the the chemically modified 

erythropoietin is selected from the group consisting of i) an erythropoietin that lacks sialic 

20 acid moieties, ii) an erythropoietin having at least no sialic acid moieties; Hi) an 
erythropoietin having at least no N-linked or no O-linked carbohydrates; iv) an 
erythropoietin having at least a reduced carbohydrate content by virtue of treatment of 
native erythropoietin with at least one glycosidase; v) an erythropoietin having at least 
one or more oxidized carbohydrates; vi) an erythropoietin having at least one or more 

25 oxidized carbohydrates and is chemically reduced; vii) an erythropoietin having at least 
one or more modified arginine residues; viii) an erythropoietin having at least one or 
more modified lysine residues or a modification of the N-terminal amino group of the 

h erythropoietin molecule; ix) an erythropoietin having at least a modified tyrosine residue; 

x) an erythropoietin having at least a modified aspartic acid or a glutamic acid residue; xi) 

30 an erythropoietin having at least a modified tryptophan residue; xii) an erythropoietin 

43 

C00024655 



WO 2005/032467 



PCT/DS2004/031789 



having at least one amino group removed; xiii) an erythropoietin having at least an 
opening of at least one of the cystine linkages in the erythropoietin molecule; or xiv) a 
truncated erythropoietin. 

5 32. The pharmaceutical composition of claim 31, wherein the chemically modified 
erythropoietin lacks erythropoietin's erythropoietic effects. 

33 . The pharmaceutical composition of claim 32, wherein the chemically modified 
erythropoietin comprises carbamylated erythropoietin. 

10 

34. Hie pharmaceutical composition of claim 30, wherein the mutated erythropoietin is 
selected from the group consisting of one or more of the following mutations C7S, R10I, 
VI IS, L12A, E13A, R14A, R14B, R14E, R14Q, Y15A, Y15F, Y15I, K20A, K20E, E21A, 
C29S, C29Y, C33S, C33Y, P42N, T44I, K45A, K45D, V46A, N47A, F48A, F48I, Y49A, 

15 Y49S, W51F, W51N, Q59N, E62T, L67S, L70A, D96R, K97D, S100R, S100E, S100A, 
S100T, G101A, G101I, L102A, R103A, S104A, S104I, L105A, T106A, T106I, T107A* 
T107L, L108K, L108A, S126A, F142I, R143A, S146A, N147K, N147A, F148Y, L149A, 
R150A, G151A, K152A, L153A, L155A, C160S, I6A, C7A, B13A, N24K, A30N, H32T, 
N38K, N83K, P42A, D43A, K52A, K97A, K116A, T132A, I133A, T134A, K140A, P148A, 

20 R150B, G151A, K152W, K154A, G158A, C161A, and/or R162A. 

35. The pharmaceutical composition of claim 34, wherein the mutated erythropoietin 
lacks erythropoietin's erythropoietic effects. 

25 36. The pharmaceutical composition of claim 29, wherein the condition associated with 
the effects of proinflammatory cytokines comprises sepsis, adhesions, wounds, inflammation 
or chronic disease. 
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Vascular Injury During Elevated Glucose can be Mitigated by 
Erythropoietin and Wnt Signaling 

Zhao Zhong Chang 1 , Yan Chen Shang 1 and Kenneth Maiese u * 



'Division of Cellular and Molecular Cerebral Ischemia, 2 Departments of Neurology and Anatomy & Cell Biology, 
'Center for Molecular Medicine and Genetics and 'institute of Environmental Health Sciences, Wayne State University 
School of Medicine, Detroit, Michigan 48201, USA 

Abstract; Impacting a significant portion of (he world's population with increasing incidence in minorities, (he young, 
and the physically active, diabetes mdlltus (DM) and its complications affect approximately 20 million individuals in (he 
United States and over 100 minion individuals worldwide. In particular, vascular disease from DM may lead to some of 
me most serious complications that can extend into both (he cardiac and nervous systems. Unique strategies that can pie- 
vent endothelial cell (EC) demise and elucidate novel cellular mechanisms for vascular cytoprotection become vital for 
me prevention and treatment of vascular DM complications. Hem, we demonstrate that erythropoietin (EPO), an agent 
(hat has recently been shown to extend cell viability In a number of systems extending beyond hematopoietic cells, pre- 
vents EC injury and apoptotic nuclear DNA degradation during elevated glucose exposure. More importantly, EPO em- 
ploys Wall, a cysteine-rJch glycosylated protein involved in gene expression, cell differentiation, and cell ■peptosis, to 
confer EC cytepro taction and maintains the integrity of Wnt 1 expression during elevated glucose exposure, In addition, 
application of anti-Watl neutralizing antibody abrogates the protective capacity of both EPO and Wnt I, illustrating that 
. Wntl is an important component in the cytoprotection of ECs during elevated glucose exposure. Intimately linked to (his 
cytoprotection is the downstream Wntl pathway of glycogen synthase kinase (GSK-3p) (hat requires phosphorylation of 
GSKOp and inhibition of its activity by EPO. Interestingly, inhibition ofGSK-30 activity during elevated glucose leads 
to enhanced EC survival, but does not synergisttcally improve protection by EPO or Wntl, suggesting that EPO and Wntl 
are closely tied to the blockade of GSK-30 activity. Our work exemplifies an exciting potential implication for EPO in re- 
gards to the treatment of DM vascular disease complications and highlights a previously unrecognised role for Wntl and 
the modulation of me downstream pathway of GSK-30 to promote vascular cell viability during DM. 

Key Words: Apoptoais, diabetes, endothelial cells, erythropoietin, glucose, growth factors, OSK-3{5, oxidative stress, SB2I, 
vascular disease, wingless, Wnt, Wntl antibody. 



introduction 

Affecting close to 20 million individuals in the United 
States and over 100 million individuals worldwide, diabetes 
mellkus (DM) is recognized with increasing incidence in 
minorities, the young, and the physically active (Maiese, et 
at, 2007b, Quinn, 2001). Of these individuals. Type 1 DM 
accounts for approximately 10% of all diabetics that repre- 
sents a highly significant health concern, since this disorder 
begins carry in life and leads to cardiovascular, renal, and 
nervous system disease, type 2 DM represents at least SO 
percent of all diabetics and b rapidly increasing in incidence 
as a result of changes in human behavior and increased body 
mass index (Laakso, 2001). Both Type 1 and type 2 DM 
represent important health concerns whether they begin early 
or later in life (Maiese, wtaL, 2007a), since each can result in 
long-term complications throughout the body (Dancraan, 
2006). In regards to the vascular and nervous systems, pa- 
tients with DM can develop severe neurological and vascular 
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disease that can lead to an increased risk for cognitive de- 
cline especially from vascular disease (Chong, et a/., 2005b, 
U etol, 2006a, Schneider Beeri et at, 2004). 

Individuals with DM can suffer from either increased as 
well as depressed serum glucose levels as a result of poor 
control or unrecognized disease progression (Saydah, et aL, 
2004). These clinical observations are directly relevant to 
processes that occur at die cellular level ht vascular cells 
during DM. Recent work has shown that cerebral endothelial 
cells (ECs) are susceptible to advanced glycatton end prod- 
ucts that can occur during DM (Niiya, et aL, 2006). In ex- 
perimental models of DM with elevated glucose levels, cere* 
bral endothelial cell dysfunction may lead to blood-brain 
barrier permeability (Huber. et at, 2006). 

Given that EC injury can occur during elevated glucose 
(Maiese, etaL, 2007b), agents that reduce cellular loss may 
be highly successful for the treatment of cempu'eaixons aris- 
ing from DM* Erythropoietin (EPO) may be an agent that 
closely fits this desired profile since protection by EPO can 
be quite robust for a number of disorders (LI et aL, 2004, 
Maiese, et at, 2004, Maiese, et aL, 2005c, Miksti, et aL 9 
2007, Santhanam and Katusic, 2006). EPO is approved 
by the Food and Drug Administration for the oeatment of 
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anemia, but a body of recent work has revealed thai EPO is 
not only required for erythropoieais, but also function! in 
other organs and tissues outside of the tiver and the kidney, 
such as the brain, heart, and vascular system (Chong, tt aL, 
2003b, Chong; et aL, 2002, Chong and Maiese, 2007, Mi- 
kati, tt aL, 2007, Moon, et 2006, Urn. et aL, 2007). EPO 
can be detected in the breath of healthy, individuals 
(Schumann, et *'•> 2006) suggesting its ubiquitous presence 
and has been correlated with increased Mental Development 
Index scores (Bierer, et ai. t 2006). In clinical studies with 
DM, plasma EPO Is often low in diabetic patients with 
(Mojiminiyi, et aL, 2006) or without anemia (Symconidis, «r 
a!., 2006). Furthermore, the failure to produce erythropoietin 
in response to a declining hemoglobin level suggests an fan- 
paired EPO response in diabetic patients (Thomas, et aL, 

2005) . Yet; increased EPO secretion during diabetic preg* 
nancies may represent the body's endogenous protection 
mechanisms against DM complications (Teramo, tt aL, 
2004). Similar to the potential protective role of insulin 
(Duarta, ttal., 2006). EPO has been shown in diabetics and 
non-diabetics with severe, resistant congestive heart ailure 
have shown to decrease fatigue, increase left ventricular 
ejection fraction, and significantly decrease the number of 
hospitalization days (Silverberg, et aL, 2006). 

Unfortunately, agents such as EPO may not be tolerated 
by alt individuals, especially those with co-morbid condi- 
tions such as congestive heart failure (van der Mecr, et aL, 
2004), hypertension (Maiese, et aL 9 2005c), and neoplasms 
(Henry, et aL, 2004, Maiese. et aL, 2005b). For these rea- 
sons, it is vital to elucidate novel pathways that may influ- 
ence cellular toxicity during DM (Bereut-Sptllson .and Rus- 
sell, 2007, U et aL, 2006a, Maiese, et aL, 2005a). In this 
instance, it is the cellular mechanisms controlled by EPO 
that can specifically target DM vascular complications that 
garner particular interest One novel pathway for EPO to 
block cellular injury during elevated glucose involves Wntl. 
Wnt proteins, derived from the Drosophita Wing/ess (Wg) 
and the mouse Int-J genes, are secreted cysteinc-rich glyco- 
sylated proteins that play a role in a variety of cellular func- 
tions that involve gene expression, gene replication, cell dif- 
ferentiation, and cell apoptosis (Abe and Takelchi, 2007, 
Chong and Maiese, 2004, Cohen, et aL, 2006, JozwWc et 
aL, 2007, Li et aL, 2005, U et aL. 2006c, Wang and Mac- 
Naughton, 2005). Variations in genes in. the Wnt signaling 
pathway, such as transcription factor 7-Uke 2 gene, may im- 
part increased risk for Type 2 DM in some populations 
(Grant et aL, 2006) as well as have increased association 
with obesity (Quo, et aL, 2006). In addition, experimental 
work m mice suggest that some Wnt family members may 
offer glucose tolerance and insulin sensitivity (Wright etaL, 
2007). Additional studies have described the expression of 
Wnt5b in adipose tissue, the pancreas, and the liver in dia- 
betic patients with a suggested (unction for the regulation of 
adipose cell function (Kenazaw* etaL, 2004) as weiJ as the 
ability of Wat4 or Wnt5a to protect glomerular mesaagial 
cells from elevated glucose induced apoptosis (Lin, et at., 

2006) . Interestingly, Wntl which is considered to be one of 
the best characterized members of the Wnt family has been 
closely linked to the control of apoptotic cellular injury. Loss 
of Wntl express ton (He, et al, 2005, You, et aL, 2004) leads 
to apoptosis while the presence of Wntl can promote cell 
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survival during insults such as serum deprivation (Boumat 
tt aL, 2000) or amyloid toxicity (Chong, et al, 2007a). 

A downstream pathway to consider that can involve both 
EPO and Wntl cytoprotecdon during DM is glycogen syn- 
thase kinase (GSKOfJ). Wnt- 1 can inhibit GSK-30 to pre- 
vent the phosphorylation and degradation of 0-catenin to 
allow P-catenin to translocate to the nucleus to allow the 
Wnt pathway to block cell injury (Chens; et aL, 2005c, 
Rhee, et aL, 2002). Inhibition of GSK-3{* activity can influ- 
ence cell survival and Inflammation (Chong; et aL, 2007b) 
and, as a result, GSKOft is considered to be a therapeutic 
target for a number of disorders (Balaraman, et aL, 2006, 
Chong tt aL, 2005b. Nurml et aL, 2006). In regards to DM, 
in activation of GSK-30 by small molecule inheritors or RNA 
interference prevents toxicity from high concentrations of 
glucose and increases rat beta cell replication (Mussmana, et 
aL, 2007) while caidioprotective agents during experimental 
DM have been linked to the mactrvatkm of GSK-3J* (Yue, tt 
aL, 2005). Furthermore, pharmacologic inhibition of GSK- 
30 by recombinant WntSa or other agents prevents high glu- 
cose-mediated apoptosis in glomerular mesangiai cells (Lin, 
et aL, 2006). In clinical studies, physical exercise is one of 
the important lifestyle interventions for DM to promote gry- 
cemic control (Maiorana, et aL, 2002) and at the cellular 
level, physical exercise has been shown to phosphorylate and 
inhibit GSK-30 activity (Howie* et aL, 2006). We demon- 
strate that EC protection by EPO during elevated glucose 
relies upon the activation of the Wntl pathway, since EPO 
promotes die expression of Wntl and EC protection is abol- 
ished by co-treatment with an aati-Wntl neutralizing anti- 
body. Additionally, inhibition of GSK-30 activity during 
elevated glucose leads to enhanced EC survival, but does not 
synergisticalry improve protection by EPO or Wntl, illustrat- 
ing that the pathways of EPO and Wntl are intimately linked 
to the blockade of GSK-30 activity. 

MATERIALS AND METHODS 

Cerebral Microvascular Endothelial Celf Cultures 

Per our prior protocols, vascular ECs were isolated from 
male Sprague-Dawley adult rat brain cerebra by using a 
modified collagensse/dlspase-based digestion protocol 
(Chong, ttal., 2003a, Chong. ttal, 2002, Chong and Mai- 
ese, 2007). Briefly, ECs were cultured m endothelial growth 
media consisting of M199E (M199 with Eagle's sab) with 
20% heat-inactivated fetal bovine serum. 2 mmol/1 L- 
ghitamine, 90 ug/ml heparin, and 20 ug/ml EC growth sup* 
plement (ICN Biomedicals, Aurora, OH). Cells from the 
third passage were identified by positive direct immuno cyto- 
chemistry for factor Yin-related antigen (Chong, tt aL, 
2003a, Chong et aL, 2002, Chong and Maiese, 2007) and 
possessed characteristic spindle-shaped morphology with, 
antigenic properties shown to resemble brain endothelium in 
vivo (Abbott, et of., 1992). 

Experimental Treatments 

Elevated glucose concentrations in ECs was performed 
by replacing the media with serum- free M199E media with 2 
mmol/1 L-ghitamine and 90 ug/ml heparin containing 25 mM 
D-glucose and then incubated at 37*C for 4t hours. In this 
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injury paradigm for elevated glucose, hyperosmolarity did 
not play a significant role in cell toxicity. A mannitol con- 
centration of 25 mM resulted in similar and not significantly 
different survival rates than untreated control ECa with sur- 
vival equal to approximately 90% (data not shown), suggest- 
ing that hyperosmolarity was not a significant factor in cell 
injury. Furthermore, we performed additional studies with 
the biologically inactive agent L-glucose phis 5.6 mM D- 
ghicose and have observed that L- glucose in concentrations 
of 25 mM did not significantly alter cell survival (data not 
shown). 

For treatments applied I hour prior to elevated glucose 
concentrations, application of erythropoietin (EPO) (R&D 
Systems, Minneapolis, MN). human recombinant Wntl pro- 
tein (R&D Systems, Minneapolis, MN), a mouse monoclonal 
and body against Wntl (R&D Systems, Minneapolis, MN), 
or the glycogen synthase kinase (GSK)-3j> inhibitor 
SB216763 [3-(2 f 4-DichtorophcnyIH-<l-«ncthyl- /H - indo ^ 3 ' 
yl>/H-pyrrole-2^-dione] (SB21) (Tocris, Etiisvflle, MO) 
were continuous. 

Cell Survival and DNA Fragmentation 

EC injury was determined by bright field microscopy 
using a 0.4% trypan blue dye exclusion method 48 hours per 
our previous protocols (Chong and Maieae, 2007) following 
elevated glucose . Genomic DNA fragmentation was deter- 
mined by the terminal deoxy nucleotidyl transferase nick end 
labeling (TUNBL) assay (Chong, $tai t 2003a, Chong; etaL, 
2003b, Chong, et aL t 2002) with the 3 '-hydroxy ends of cut 
DNA labeled with biotinylated dUTP using the enzyme ter- 
minal, deoxytransferaae (Promega, Madison, Wl) followed 
by streptavidin-peroxidase and visualized with SJ'-dianuno- 
benzidine (Vector Laboratories, Burtingame, CA). 

Expression of Wntl and Phosphorylated Glycogen Syn- 
thase Kinase 

Cells were homogenized and following protein determi- 
nation, each sample (50 ug/Iane) was then subjected to 
12.5% SDS-poryacrytamide gel electrophoresis. After trans- 
fer, die membranes were incubated with a rabbit polyclonal 
antibody against Wntl (1: 1000, RAD Systems, Minneapo- 
lis, MN) or a rabbit antibody against phosphorylated GSK- 
3P (p-GSK-3p, Ser 9 ) (Cell Signaling, Beverly* MA). Follow- 
ing washing, the membranes were incubated with a horserad- 
ish peroxidase (HRP) conjugated secondary antibody (goat 
anti-mouse IgO, 1:1000 (Wntl) or goat anti-rabbit IgG, 
1:10000 (p-GSK-3p). The antibody-reactive bands were re- 
vealed by chemihimtnescence (Amersham Pharmacia Bio- 
tech, Piscataway, NJ) and band densely was performed using 
the public domain NHf Image program (developed at die 
U.S. National Institutes of Health and available at http^/rsb. 
mfojiih.gov/nih-image/). 

Statistical Analysis 

For each experiment, the mean and standard error were 
determined. Statistical differences between groups were as- 
sessed by means of analysis of variance (ANOVA) from 6 
replicate experiments with the post-hoc Student's Mest Sta- 
tistical significance was considered at pO.05. 



RESULTS 

Elevated Glucose Leads to EC Injury 

Primary cultures of microvascular ECs were exposed to 
elevated D-glucose (25 mM) and cell survival was deter- 
mined 48 hours later by the trypan blue exclusion method. 
As shown in Pig. (1A), representative pictures demonstrate 
that elevated glucose treatment results in a loss of membrane 
integrity and staining In a significant number of ECs cells 
with trypan blue. The quantitative results demonstrate that 
EC survival was significantly decreased from 90 ± 2% to 46 
± 2% 48 hours following administration of D-glucose (Fig. 
IB). 

We next assessed genomic DNA fragmentation in pri- 
mary cultures of microvascular ECs 48 hours following ad- 
ministration of ekvated D-glucose (25 mM) with TUNBL 
Representative pictures in Fig. (1C) demonstrate significant 
apoptosis with chromatin condensation and nuclear fragmen- 
tation in ECs during elevated D- glucose. As shown in Fig. 
(ID), percent DNA fragmentation was significantly in- 
creased from 9 ± 3% of control cells to 57± 5% 48 hours 
following administration of D-glucose. 

Wntl Provides Necessary Ce Hilar Protection Against 
High Glucose in ECs 

Application of recombinant human Wntl protein (100 
ng/ml) in EC cultures 1 hour prior to elevated D-glucose (25 
mM) exposure significantly reduced trypan blue uptake in 
ECs when assessed 48 hours later following elevated D- 
glucose application (Fig. 2A). In Fig. (2B» EC) survival was 
significantly reduced to 46* ±4% following exposure to ele- 
vated D-glucose when compared with untreated control cul- 
tures (93 ± 2%, p<0U>l). Yet, application of Wntl of 100 
ng/ml 1 hour prior to elevated D-glucose significantly re- 
duces trypan blue uptake in ECs resulting in an EC survival 
of69±5%(p«>.01). 

Administration of an antibody to Wntl (WntlAb, 1 |Lg/ 
ml) alone did not significantly alter EC survival when com- 
pared to untreated control cultures (data not shown). In stud- 
ies with exposure to elevated D-glucose (25 mM)* applica- 
tion of the WntlAb, 1 ug/ml slightly decreased EC survival 
when compared to cultures treated with elevated glucose 
alone, suggesting that endogenous Wntl may offer a mini- 
mum level of protection to ECs (Fig. 2B). 

We next examined whether specific antagonism against 
exogenous Wntl application with the WntlAb could neutral- 
ize the protective capacity of Wntl during elevated glucose 
exposure. In the presence of the WntlAb (1 ng/mlX the pro- 
tective capacity of Wntl was significantly reduced yielding 
EC survivals of 46 ± 5% (pO.01) when compared to a sur- 
vival of 69 ±5% in ECs with Wntl only treatment 48 hours 
following administration of D-glucose (Fig. 20). 

Similarly, application of Wntl protein (100 ng/ml) to EC 
cultures 1 hour prior to administration of elevated D-glucose 
at the concentration of 25 mM significantly reduced apop- 
totie chromatin condensation and nuclear fragmentation de- 
termined 48 hours later by TUNEL (Figs. 2C, 2D). Yet, co- 
application of the WntlAb (1 |ig/ml) with Wntl resulted in 
an increase in percent DNA fragmentation In ECs during 
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Fig. (1). Elevated glucose decrease! primary EC survival aad Increases apaptotlc demise. (A) Primary ECs were exposed to elevated D- 
glucose (HG) at (he concentration of 25 mM asd EC survival was determined 49 hours later. Representative images illustrate increased try* 
pan Muc staining during devated glucose. (B) EC survival was sigmficantry decreased from 90±2%to46±2tt4ft hours fbliowing admini- 
stration of D-ghicose C*p< 0.01 vs. Control). (C) Primary ECs were exposed to elevated D-ghicose (HO) (25 mM) and EC nuclear DNA 
degradation wu determined 4ft hours later. Representative images illustrate increased TUNEL staining during elevated glucose. (D) EC 
apoptotic nuclear DNA degradation was significantly increased from 9 ± 3% to 57± 5% 4ft hours following administration of D-glocose 
(♦p<0.0l vs. Control). In til cases, each data point represents the mem *nd SEM sad control ■» untreated EC cultures. 



elevated glucose treatment; illustrating the necessity of the 
Wntl pathway for cytoprotection (Figs. 2C, 2D). 

EPO Prevents EC Injury aad Apoptotic Loss Through 
Wntl 

To investigate the ability of EPO to offer cytoprotection 
during elevated glucose treatment, EPO (10 ng/mO was ap- 
plied to ECs 1 hour prior to the administration of D-ghicose 
at the concentration of 25 mM. Cell survival was determined 
by trypan blue dye exclusion 4ft hours following administra- 
tion of D-ghicose. EPO significantly reduced trypan blue 
uptake in ECs during elevated glucose (Fig. 3A). Interest* 
uigly, application of the Wntl antibody (WntlAb, 1 fig/ml) 
30 min prior to EPO acunutstretidn abolished the cytoprotec- 
tive capacity of EPO resulting in a significant increase in 
trypan blue staining in ECs. Quantitation of these results in 
Fig. (30) illustrates that EC survival was significantly in* 
creased with EPO administration from 46 ± 4% during ele- 
vated D-giucose to 71 ± 4% (pO.Ol). Yet, co-application of 
Wntl Ab (I ug/rn!) with EPO blocked cytoprotection by EPO 
to reduce celt survival to 53 ± 4% (Fig. 3B). 



Furthermore, application of EPO (10 ngftnl) to EC cul- 
tures 1 hour prior to administration of D-ghicose at the con- 
centration of 25 mM significantly reduced apoptotic chroma* 
tin condensation and nuclear DNA fragmentation when as- 
sesses 48 hours later by TUNEL (Figs. 3C, 3D). In contrast, 
co-application of Wntl Ab (1 ng/ml) with EPO lead to a sig- 
nificant increase in percent DNA fragmentation in ECs dur- 
ing high glucose treatment from 26± 25* with EPO only ad- 
ministration to 53 ± 6% (pO.Ol) during EPO and Wntl Ab 
application. 

EPO Prevents the Loss of Wntl Expression and Inhibits 
GSK-30 Activity During Elevated Glucose Exposure 

Western blot assay wu performed tor Wntl expression 
(Fig. 4A) and phosphorylated GSK-30 (p-OSK-3p, Ser 9 ) 
expression (Fig. 4C) at 6, 24, and 48 hours following expo- 
sure to elevated D~gkicose (25 mM). In Fig. (4A), elevated 
D-giucose initially increased die expression of Wntl at 6 and 
24 hours when compared to EC control cultures. After 24 
hours post elevated glucose exposure, expression of Wntl 
was lost and approached control levels (Figs. 4 A, 4B). In 
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Fts> (2). Wotl fosters necessary cetlaUr protectioa agaiast elevated glucose la primary ECs. (A) Recombinant human Wotl protein 
(100 ng/ml) wis spoiled to EC cultures 1 hour prior to the exposure of D-glucose (23 mM) (HG) sod ocU survival wu determined 48 hours 
later. Representstrve images illustrate increased trypan blue ruining during elevated glucose, but administration of Wotl significant^ <*> 
creased trypan blue uptake by ECs. In contrast, application of Wntl antibody (Wotl Ab, l ug/ml) 30 min prior to the administration of Wntl 
protein antagonized the ability of Wntl lo significantly reduce trypan blue uptake in ECs during elevated glucose exposure. (B) Wntl (100 
ngtal) administration significantly increased EC survival when compared with cultures exposed to elevated glucose alone (*p<0.01 vs. HQ). 
In contrast, application of Wntl antibody (WntlAb, 1 ugftnl) 30 min prior to the administration of Wntl protein blocked Wntl cytoprotec- 
tton in ECs during elevated glucose (tp<0.0l vs. Wntl/HG). (C) Recombinant human Wntl protein (100 ng/rol) was administered to EC 
cultures 1 hour prior to the exposure of D-glucose (25 mM) (HG) and nuclear DNA fragmentation with TUN EL was determined 4g hours 
later. Representative images illustrate increased TUNEL staining during elevated glucose, but administration of Wntl significantly decreased 
TUNEL labeling in ECs. In contrast, application of Wntl antibody (WntlAb, I ug/ml) 30 min prior to the administration of Wntl protein 
antagonised the ability of Wntl to significantly reduce TUNEL labeling in ECs during elevated glucose exposure. (D) Watl (100 ng/ml) 
administration significantly decreased EC nuclear DNA degradation when compared with cultures exposed to elevated glucose alone 
(*pO.0l vs. HG). In contrast, application of Wntl antibody (WntlAb, I ugAnl) $0 min prior to the administration of Wntl protein prevented 
Wntl from reducing nuclear DNA degradation in ECs during elevated glucose (tpOAl vs. Wntl/HG). In all cases, each data point repre- 
sents the mean and SEM and control m untreated EC cultures. 



contrast, EPO (10 ng/ml) during elevated D-glucose expo- 
sure significantly maintained the expression of Wntl over a 
48 hour course, suggesting that EPO can prevent the degra- 
dation of Wntl during elevated glucose exposure (Fig. 40). 

EPO also modulated the expression of p-GSK-30 at the 
conserved regulatory residue of Scr* (Eldar-Finkelman, tt 
al t 1996). Elevated D-glucose also initially increased the 
expression of p-GSK-30 at 6 and 24 hours when compared 
to EC control cultures. After 24 hours post elevated glucose 
exposure, expression of p-GSK-30 was lost suggesting that 
p-GSK-30 activity wu no longer inhibited (Figs. 4C, 40). 
Yet* EPO (10 ng/ml) during elevated D-gfajcose exposure 
was able to maintain the inhibition of GSK-30 and signifi- 



cantly promote the expression of p-GSK-30 over a 48 hour 
course (Fig. 4D). 

Glycogen Syntkase Kinaae-30 (GSK-30) Activity Inhibi- 
tion Confers Cyto protection to ECs and Parallels Protec- 
tion with EPO Application 

Exposure to elevated D-glucose (25 mM) leads to EC 
injury 48 hours lata (Figs. 5A, SB). In contrast, application 
of (he GSK-30 inhibitor (SB2 16763, (SB21), 5 uM 1 hour 
prior to elevated D-glucose exposure (25 mM) in concentra- 
tions consistent with the current literature (Yoshlmura. er aL , 
2005) increases EC survival. Furthermore, inhibition of 
GSK-30 activity atone or in combination with the applica- 
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Fig. (3). CyteorotettJoa la ECi by EPO requires Wntl during elevated itacoit cxpesara. (A) EPO (10 ngftnl) vru applied to EC cul- 
tures I hoar prior to the exposure of D-giucose (23 mM) (HG) snd ceil survival was determined 48 hours Uter. Representative images illus- 
trate Increased trypan blue staining during elevated glucose, but administration of EPO significantly decreased trypan blue uptake by ECs. In 
contrast, application of Wntl antibody (WntlAb, 1 ug/ml) 30 rain prior to the administration of EPO antagonized the ability of EPO to pre- 
vent trypan blue uptake in ECs daring elevated glucose exposure. (B) EPO (10 ng/ml) application significantly increased EC survival when 
compared with cultures exposed to elevated glucose alone (*p<0.01 vs. HG). in contrast, application of Wntl antibody (WntlAb, I ug/ml) 
30 ram prior to die EPO treatment blocked Wntl cytoprotecdon in ECs during elevated glucose (tp<0.01 vs. EPCVHG). (C) EPO (10 ng/ml) 
was applied to EC cultures 1 hour prior to the exposure of D-glucosc (25 mM) (HO) and nuclear DNA fragmentatio n with TUNEL was de- 
tenninod 43 hours later. Representative images illustrate increased TUNEL staining during elevated glucose, but administration of EPO sig- 
nificantly decreased nuclear DNA fragmentation as demonstrated by reduced TUNEL labeling in ECs. In contrast; application of Wntl anti- 
body (WntlAb, 1 ug/ral) 30 mln prior to the administration of EPO prevented EPO from significantly reducing TUNEL labeling in ECs 
during elevated glucose exposure. (D) EPO (10 ng/ml) administration significantly decreased EC nuclear DNA degradation when compared 
with cultures exposed to elevated glucose alone (*p<0.01 .vs. HG> In contrast application of Wntl antibody (WntlAb, I ugAnl) 30 min prior 
to EPO application prevented EPO from reducing nuclear DNA degradation in ECs during elevated glucose (fpO.01 vs. EPO/HG). In all 
cases, each data point represents the mean and SEM and control - untreated EC cultures. 



lion of EPO (10 ng/ml) administered 1 hour prior to elevated 
D-ghicose significantly increases EC survival during appli- 
cation of EPO alone or during co-adnmiiitratkm with EPO, 
suggesting that EPO relies upon the inhibition of GSK-30 
activity to provide EC cytoprotection. Increased EC survival 
during inhibition of GSK-30 activity was not altered by co- 
application of the WntlAb, indicating that modulation of the 
GSK-30 activity to preserve EC survival occurs downstream 
from the initial activation of Wntl (Fig. 5A). 

Similarly, application of theGSK-3P inhibitor (SB2 1 6763, 
(SB21), 5 uM I hour prior to elevated D-glucose exposure 
(25 mM) prevented EC apoptotic DNA fragmentation (Fig. 
5Q assessed by TUNEL without evidence of a synergistic 
increase in protection against DNA fragmentation during co- 



administration of EPO (10 ng/ml) (Fig. 5D), further support- 
ing the premise that EPO utilizes inhibition of GSK-30 activ- 
ity to prevent EC injury and apoptotic demise. In addition, 
EC apoptotic injury during inhibition of GSK-3fJ activity 
was not altered by co-application of the WntlAb (Fig. 5D). 

DISCUSSION 

EPO hat been identified as a possible candidate for a 
number of disease entities that Involve cardiac, nervous, and 
vascular system diseases (Msiese, *taL, 2004, Maiese, etaL, 
2005c). In particular, EPO may have significant relevance 
tor the treatment of vascular complications in DM in light of 
prior clinical studies illustrating mat EPO can decrease fa- 
tigue and enhance cardiac output in patients with DM 
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rig (4> EPO modulates tht expression of Watt tod pfcosphorylated glycogen synthase kios**-30 during elevated gatcsse txposuro. 
EC protein extract! {50 ug/Une) were irnmuoobtotted with entf-Wrrtl (A md B), mti-phosphoryltted glycogen synthase Unase-30 (tnti-p- 
GSK-3p) (C and D% Representative images of Western blot detection for Weil (A) and p-GSK-30 (C) were performed at 6\ 24, end 48 hoar 
time intervals following administration of elevated D-ghtcose (25 mM) (HG). Watt and p-OSK-30 expression increased at 6 and 24 hours 
following exposure to high glucose, but expression of these proteins was lost 49 hours following elevated glucose (*p< 0.01 vs. 6 hours or 24 
hours HG). Application of EPO (10 ng/ml) 1 hour prior to me administration or elevated glucose significantly increased Wntl (B) (*p< 0.0 1 
vs. KG) and p-GSK-3p (D) (*p< 0.01 vs. HG) expression 41 hours following elevated glucose treatment In all cases, eich data pouU repre- 
sents (he mean and SEM and control - unvested EC cultures. 



(Sirverberg, et aL, 2003). Protection by EPO in vascular cells 
may directly prevent cell toxicity during elevated glucose or 
modulate inflammatory pathways that ultimately lead to cel- 
lular disposal. For example, EPO not only can preserve mi- 
croglial integrity (Li tt aL, 2006b), but it abo can prevent 
microglial cell activation and proliferation to block phagocy- 
tosis of injured celts through pathways that, involve early 
apoptotic cellular membrane phospahtidylserino, exposure 
(Maiese, etaL, 2004, Maiese, etaL, 2005c). 

Employing an elevated glucose model for ECs, we illus- 
trate that a final glucose concentration of 25 mM over a 48 
hour course leads to a significant loss m cell survival and 
correspondingly a significant increase in genomic DNA deg- 
radation when compared to control ECs. Our work also 
demonstrates that primary cerebral ECs are extremely sensi- 
tive to elevations in D-gtucose that are similar to clinical 
glucose concentrations not only during poorly controlled 
diabetes (Pagano. et aL, 1994), but also during early clinical 
onset diabetes (Ryan, et aL, 2004) and during expected diur- 
nal variations with diabetes (Troisl et aL, 2000) known to 



occur in a range from 15 mM-25 mM (270 mg/dl - 450 
mg/dl). In addition, the application of the biologically inac- 
tive agent L-gkicose (25 mM) as well as factors related to 
hyperosmolar^ wore not responsible for the observed neu- 
ronal injury (data not shown). 

In regards to the ability of EPO to offer direct EC cell 
protection during elevated glucose of 25 mM, we demon- 
strate that EPO alone is not toxic to EC In a concentration of 
10 ng/ml. Administration of EPO (10 ng/ml) with a 1 hour 
pro-treatment significantly enhanced EC survival during ele- 
vated glucose. EPO also blocked apoptotic DNA degradation 
in ECs during elevated glucose similar to alternate models of 
oxidative stress in cardiac and vascular cell models 
(Avasarala and Konduni, 2005, Chong, et aL, 2003a, Chong, 
et aL, 2002, Chong and Maiese, 2007, Moon, et aL, 2006). 
The concentration of EPO of 10 ng/ml that achieved cyto- 
protectton tn ECs during elevated glucose is similar to serum 
levels of EPO in patients with cardiac or renal disease that 
have been associated with potential EPO cellular protection 
(Mason-Carcia, et at, 1990, Namfuchi et at., 2005) and 
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Fig. (5> EFO protect! EC* during elevated grocose expesure by inhibiting glycogen synmaae ldmue-30 (GSK-30) activity. Primary 
ECs were exposed to elevated D-glucose (25 raM) (HG) and EC survival or aadear DNA fragmentation were determined 48 hours following 
elevated glucose exposure. (A and C) Elevated glucose resulted in a significant decrease EC survival and a significant Increase in nuclear 
DNA fragmentation in ECs. Application or the GSK-30 inhibitor SB21 (5 uM) t hour prior to administration of elevated IXghicose signifi- 
cantly increased cell survival and decreased nudes/ DNA fragmentation 48 bouts following elevated glucose treatment (*p<0.01 vs. HG). 
Co-application of Wntl antibody (WntlAb) did not alter the ability of SB21 to protect ECs during elevated glucose treatment (♦ /*0.0I vs. 
HG). (B and D) EPO (10 ng/ml) administered 1 hour prior to elevated D-glucose (25 mM) application significantly increased cell survival 
and decreased nuclear DNA fragmentation in ECS 48 hours following elevated glucose treatment (*p<0.01 vs. HO). Co-application of GSK- 
30 inhibitor SB21 with EPO significantly increased survival and decreased apoptotic nuclear DNA degradation during elevated glucose ex- 
posure, but lead to similar survival levels and DNA degradation during EPO administranoo atone with elevated glucose whhout a synergistic 
increase, suggesting mat EPO requires the inhibition of GSK-30 activity for cytoprotection in ECs (•jxO.01 vs. HG alone). In all cases, each 
data point represents the mean and SEM and control » untreated EC culture*. 



clinical protocols with EPO administration have been shown 
to significantly increase plasma EPO levels well above the 
1.0 ngAni range similar to experimental in vitro work and 
confer beneficial results (Blerer, #/ a/., 2006. Sohmiys, *7 a£, 
1998). 

EPO modulates a variety of signal transduction pathways 
for cytoprotection that can involve protein kinase B, signal 
transducer and activator of transcription pathways, forkhead 
transcription factors, caspases, and nuclear factor kB 
(Bahhnann, H a/., 2004, Chong, et a/., 2003a, Chong, et al> 
2005a, Chong and Maiese, 2007, Menon, et a£, 2006, Urao, 
$t a/., 2006), but pathways of EPO protection especially in 
the vascular system that rely upon Wot signaling have not 
been previously described. Although clinical trials m patients 
with DM have suggested that EPO may improve cardiac 
function (Sltverberg, at a/., 2003) or offer protection against 
complications in woman with diabetic pregnancies suggests 



(Teramo, cf aL 9 2004), the cellular pathways responsible for 
EPO cytoprotection during DM are unknown. Prior work has 
suggested that Wnt family members may regulate glucose 
tolerance (Wright et of., 2007), adipose cell function 
(Kanazawa, et aL, 2004), and glomerular mesangial ceils 
protection during elevated glucose (Lin, et a!., 2006). We 
show that endogenous activation of Wntl may offer a mini* 
mum level of protection during elevated glucose exposure, 
since application of the WntlAb resulted in a slight increase 
in EC injury. Furthermore, administration of exogenous 
Wntl protein significantly increased EC survival and pre- 
vented apoptotic EC degeneration during elevated glucose 
exposure. More importantly, administration of (he WntlAb 
could neutralize the protective capacity of Wntl, illustrating 
that Wntl is an important component in the cytoprotection of 
ECs during elevated glucose exposure. Interestingly, EPO 
cytoprotection in ECs during elevated glucose exposure also 
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retiea upon Wntl. EPO maintains tha expression of Wnll 
over a 48 hour course during elevated glucose exposure and 
prevents loss of Wntl expression chat would occur in the 
absence of EPO during elevated glucose. In addition, loss of 
EC protection with EPO during the administration of the 
Wntl Ab demonstrates that Wnti is critical for EPO to pro- 
tect against EC injury and apoptosis during elevated glucose. 

EPO recently has been shown to block the activation of 
GSK-3p and employ this pathway to maintain microglial cell 
integrity during oxidative stress (U et aL, 2006b). Given 
that the GSK-30 pathway is a significant regulatory compo- 
nent during Wnt signaling (Chong, et al. t 2007a, Chong, et 
aL t 2005d, Maiese, et aL 2007a) and that GSK-30 may in* 
fluence beta cell survival (Mussmann, et al t 2007) and car- 
dioprotection (Yuc, et aL, 2005) (hiring DM, we examined 
whether the GSK-30 pathway played a role in EC injury and 
EPO cytoprotection during elevated glucose exposure. We 
demonstrate that GSK-30 becomes phosphory tated over a 24 
hour course elevated glucose exposure, but that EPO in the 
presence of elevated glucose significantly maintains the in- 
hibitory phosphorylation of GSK-30 over a 48 hour period 
following the initial exposure of elevated glucose. This inhi- 
bition of GSK-30 activity is closely linked to EC survival, 
since inhibition of GSK-30 activity during administration of 
the GSK-3P antagonist SB2 16763 (SB21) prevents EC in- 
jury and apoptotic cell loss during elevated glucose. In* 
creased EC survival during inhibition of GSK-3f} activity 
was not altered by the co-application of Wntl Ab, suggesting 
mat prevention of the GSK-30 activity to preserve EC sur- 
vival occurs downstream from the initial activation of Wntl. 
Finally, inhibition of GSK-30 activity during co-administra- 
tion of EPO results in similar survival levels without a syn- 
ergistic increase, also illustrating that EPO relies, upon 
blockade of GSK-30 activity tq offer cytoprotection In ECs 
during elevated glucose. 
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Contaldo C, Meier C, Elsherbiny A, Harder Y, Trentz O, 
Menger MD, Wanner GA. Human recombinant erythropoietin 
protects the striated muscle microcirculation of the dorsal skinfold 
from postischemic injury in mice. Am J Phxsiol Heart Ore 
Physiol 293: H274-H283, 2007. First published March 2, 2007; 
doi:10.U52/ajpheart.OI03 1.2006.— Erythropoietin (EPO) has been 
proposed as a novel cytoprotectant in ischemia-reperfusion (I/R) 
injury of the brain, heart and kidney. However, whether EPO exerts 
its protection by prevention of postischemic microcirculatory deteri- 
oration is unknown. We have investigated the effect of EPO on 
l/R-induced microcirculatory dysfunctions. We used the mouse dorsal 
skinfold chamber preparation to study nutritive microcirculation and 
leukocyte-endothelial cell interaction in striated muscle of the dorsal 
skinfold by in vivo fluorescence microscopy before 3 h of ischemia 
and during 5 days of reperfusion. Animals were pre treated with EPO 
(5,000 U/kg body wt) I or 24 h before ischemia. Vehicle-treated 
1/R-injured animals served as controls. Additional animals underwent 
sham operation only or were pretreated with EPO but not subjected to 
1/R. I/R significantly (P < 0.05) reduced functional capillary density, 
increased microvascular permeability, and enhanced venular leuko- 
cyte-endothelial cell interaction during early reperfusion. These find- 
ings were associated with pronounced {P < 0.05) arteriolar constric- 
tion and diminution of blood flow during late reperfusion. Pretreat- 
ment with EPO induced EPO receptor and endothelial nitric oxide 
synthase expression at 6 h of reperfusion (P < 0.05). In parallel, EPO 
significantly {P < 0.05) reduced capillary perfusion failure and 
microvascular hyperpermeability during early reperfusion and arterio- 
lar constriction and flow during late reperfusion. EPO pretreatment 
substantially (P < 0.05) diminished l/R-induced leukocytic inflam- 
mation by reducing the number of rolling and firmly adhering leuko- 
cytes in postcapillary venules. EPO applied I h before ischemia 
induced angiogenic budding and sprouting at 1 and 3 days of reper- 
fusion and formation of new capillary networks at 5 days of reperfu- 
sion. Thus our study demonstrates for the first time that EPO effec- 
tively attenuates l/R injury by preserving nutritive perfusion, reducing 
leukocytic inflammation, and inducing new vessel formation. 

ischemia-reperfusion; microcirculation; leukocyte-endothelial cell 
interaction; microvascular permeability; intravital microscopy; angio- 
genesis; neovascularization 



ischemia-reperfusion (I/R) injury represents a major challenge 
in cardiovascular medicine and also in trauma and vascular and 
plastic and reconstructive surgery. The deleterious effects of 
I/R injury are mediated by microcirculatory dysfunctions, in- 
cluding breakdown of capillary perfusion (27, 28), chemotactic 
accumulation and venular wall adhesion of activated leuko- 
cytes (23, 26, 37), and loss of the integrity of the microvascular 



endothelial lining (20, 26). In trauma and reconstructive sur- 
gery, as well as in transplantation medicine, elective surgical 
procedures involve prolonged periods of ischemia, which ad- 
ditionally enhance tissue injury during postischemic reperfu- 
sion. Although experimental studies have provided evidence 
that a variety of compounds, such as oxygen radical scavengers 
and anti-inflammatory drugs (15), reduce I/R injury, pharma- 
cological treatment of reperfusion injury has not been success- 
fully established in clinical practice. 

Erythropoietin (EPO) is well known for its stimulatory 
function on erythrocytic progenitors. However, when admin- 
istered exogenously, EPO represents a viability and growth 
factor that exerts neuroprotective (16), cardioprotective (1, 33, 
38), and vascular actions (12). Accordingly, it is intensively 
investigated for its nonhematopoietic pleiotropic actions, 
which may be responsible for tissue protection (7). 

EPO is a renal glycoprotein that is released in response to 
hypoxia and exerts its effect through its interaction with EPO 
receptors. Besides an increase of intracellular calcium, the 
main signaling pathways of hematopoietic cells involve /) 
expression of the antiapoptotic protein Bcl-x, 2) activation of 
MAPK and phosphatidylinositol 3-kinase (PI3K/Akt), and 3) 
activation of transcription factor 5 for survival, proliferation, 
and migration of stimulated cells (2, II, 25, 31). 

The effect of EPO on the vascular endothelium is poorly 
understood. There is some evidence derived from isolated 
human vessel preparations that EPO modifies endothelial nitric 
oxide (NO) synthase (eNOS) expression and vascular func- 
tions, because it stimulated NO-mediated endothelium-depen- 
dent relaxation of arterial vessels (32). EPO may induce 
endothelial cell responses by EPO receptor and eNOS expres- 
sion as well as NO release, in particular under hypoxic condi- 
tions (6). On the other hand, EPO may have a deleterious effect 
within the microvasculature, because it mediates prothrom- 
botic mechanisms, such as endothelin-l (10) and plasminogen 
activator inhibitor- 1 induction (29). 

Previous studies have reported that EPO effectively reduces 
I/R injury in the brain (34), heart (9), and kidney (35). How- 
ever, whether EPO exerts its protection in I/R injury by 
preventing postischemic microcirculatory deterioration is un- 
known. Because it is well known that microcirculatory 
dysfunction plays a pivotal role in the manifestation of I/R 
injury (15, 27), we have investigated whether EPO affects 
I/R-induced microcirculatory deterioration, including capil- 
lary perfusion failure, leukocyte-endothelial cell interac- 
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Table I . Hemoglobin, hematocrit, and RBC count after EPO 
pretreatment and in vehicle -treated controls 





Control 


EPO-Comrot 




Baseline 


5 Days 


Baseline 


5 Days 


Body wt. g 
Hemoglobin, g/dl 
Hematocrit % 
RBC count, 10- 


20.7 ±1.0 
I5.6±l.0 
48.5±3.5 
9.4 ±0.8 


20.6 ±1.6 
I5.2±l,3 
47.5 ±3.5 
9.5 ±0,6 


2!.3±l.l 
I5,4±0.9 
47.6 ±3.2 
9.6 ±0.9 


2I.5±I.3 
I7.l±l.8 
51.5±5.7 
10.1 ±0.9 



Values are means ± SD; n = 6. A single dose of erythropoietin lEPO) did 
not significantly increase hemoglobin, hematocrit, and red Wood cell (RBC) 
count. 



tions, microvascular hyperpermeability, and neovasculariza- 
tion. 

MATERIALS AND METHODS 

Animals. Experiments were performed according to the guiding 
principles for research involving animals and the German legislation 
on protection of animals. The experiments were approved by the local 
governmental animal care committee. A total of 55 C57BL/6J mice 
(12-24 wk of age, 24-26 g body wt; Charles River Laboratories, 
Sulzfeld, Germany) were housed in single cages at 22°C and 60-65% 
relative humidity with a I2:l2-h light-dark cycle. The animals were 
allowed free access to tap water and standard laboratory chow (Al- 
tromin, Lage, Germany). 

Experimental model. The dorsal skinfold chamber in mice was used 
for intravital microscopy, as previously described in detail (24). 
Briefly, mice were anesthetized intraperitoneally with a mixture of 
ketamine hydrochloride (90 mg/kg body wt; Ketavet. Parke Davis, 
Freiburg. Germany) and xylazine hydrochloride (25 mg/kg body wt; 
Rompun. Bayer, Leverkusen, Germany), and two symmetrical tita- 
nium frames were implanted to sandwich the extended double layer of 
the skin. One layer was removed in a 15-mm-diameter circular area. 
The remaining layer, consisting of epidermis, subcutaneous tissue, 
and striated skin muscle, was covered with a glass coverslip incorpo- 
rated in one of the titanium frames. Animals tolerated the chamber 
well and showed no signs of discomfort or changes in sleeping and 
feeding habits. A recovery period of 3 days was allowed before ihe 
experiment was started. 

I/R. A silicone pad and an adjustable screw were used to apply 
-40-mmHg pressure and, thereby, establish a 3-h period of pressure- 
induced ischemia in a group of 18 animals (36). The pressure was just 
sufficient to occlude the feeding arterioles and. thus, induce complete 



cessation of blood flow. In another group of 1 2 animals, the chamber 
tissue was not exposed to ischemia; these animals served as nonis- 
chemic sham or EPO controls. An additional group of 12 animals 
were used for blood sampling to monitor potential effects of EPO on 
hematocrit and hemoglobin levels. 

intravital fluorescence microscopy. For in vivo microscopic anal- 
ysis of the microcirculation, the anesthetized mice were placed in the 
left lateral position on a Plexiglas stage. A modified multifluorescence 
microscope with a 100-W mercury lamp (Axiotech. Zeiss, Jena. 
Germany) was attached to a system of ultraviolet (330- to 390-nm 
excitation and >430-nm emission), blue (450- to 490-nm excitation 
and >520-nm emission), and green (530- to 560-nm excitation and 
>580-nm emission) filters. An epi -illumination technique was used to 
analyze the striated muscle microcirculation within ihe chamber 
tissue. Microscopic images were recorded by a charge-coupled device 
video camera (model FK 6990. COHU, Pieper. Schwerte. Germany), 
transferred to a video system (S-VHS Panasonic AG 7350, Matsu- 
shita, Tokyo, Japan), and recorded on videotape for subsequent offline 
evaluation. We injected 0.05 ml of FITC-dextran (150,000 mol wt, 50 
mg/ml saline; Sigma Chemical. St. Louis, MO) for intravascular 
contrast enhancement and 0.05 ml of rhodamine 6G (0.1 mg/ml 
saline; Sigma Chemical) for leukocyte staining in vivo into the tail 
vein. For quantitative analysis of microvascular perfusion, leukocyte- 
endothelial cell interaction, and macromolecular extravasation and 
angiogenic neovascularization, we used long-distance objectives (X4 
magnification, 0.16 NA; x 10 magnification. 0.30 NA; X20 magnifi- 
cation. 0.32 NA; Zeiss) (2). 

Quantitative microcirculation analysis. The chamber was scanned 
for random selection of distinct observation areas, which included 
four to six second- and third-order arterioles, nine nutritive capillary 
fields, and four to six draining postcapillary venules. Video printouts 
were made during videography and initially marked to indicate the 
exact location for measurements of vessel diameter and RBC velocity. 
Diameters were measured in micrometers perpendicularly to the 
vessel path. The line-shift method (Capimage, Zeintl Software, Hei- 
delberg, Germany) with computer assistance was used to analyze 
centeriine RBC velocity. Volumetric blood flow (Q) was calculated 
from diameter (d) and RBC velocity (v) as follows: Q = tt * {dtZ? * 
v/1.6 (pl/s), where 1.6 represents the Baker- Wayland factor, which 
corrects for the parabolic velocity profile in >20-fim microvessels 
(5). The number of permanent adherent leukocytes (i.e., cells that 
adhered to the venular vessel wall over a 30-s period) was evaluated 
as the number of cells per square millimeter of endothelial surface 
(calculated from diameter and length of the vessel segment and with 
the assumption that the vessel is cylindrical). Rolling leukocytes, 
defined as cells moving with a velocity less than two-fifths of the 



Table 2. Baseline data of microcirculation and leukocyte -endothelial cell interaction 



Arterioles 

Diameter, u»m 

RBC velocity, mm/s 

Blood flow, pl/s 
Venules 

Diameter. \xm 

RBC velocity, mm/s 

Blood flow, pl/s 
Capillaries 

Functional capillary density, cm"' 
Leukocyte-endothelial cell interaction 

Rolling, cells/min 

Adherence, cells/mm 2 



Sham 


EPO-Conirol 


l/R 


l/R + EPO I b 


l/R + EPO 24 h 


44.3 ±12.2 
1.41 ±0.44 
23.6±I5.2 


34.0±2.1 
1. 37 ±0.52 
14.2 ±1.45 


49.6±3.4 
l.49±0.11 
25.5± 10.8 


39.9±4.0 
1. 44 ±0.37 
36.1 ±21.9 


39.9±4.0 

1.39±0.27 

18.3±5.8 


37 ±8.8 
0.50 ±0.24 
6.9 ±2.5 


35±5.2 
0.47 ±0.1 3 
6.9 ±25 


44.4 ±5.6 
0.51 ±0.18 
8.3 ±2.8 


34.9±7.6 
0,35 ±0.21 
4.5 ±2.1 


35.3 ±1.9 
0.39 ±0.06 
3.7±LI 


207 ±17 


22i±2l 


252*31 


236±25 


245 ±26 


3.8 ±0.8 
113±28 


1.6 ±0.9 
104 ±12 


2.6±0.7 
126 ±23 


3.1 ±0.5 
109 ±09 


2.4±U 
1I6±I8 



Values are means ± SD. Sham, chamber preparation without ischemia-reperfusion (l/R) and EPO: EPO-comrol. EPO treatment (5.000 U/ka body wt ip) I h 
before measurements without l/R; l/R. l/R and treatment with equivalent volume of vehicle fsaline); l/R + EPO Ih and l/R + EPO 24h. l/R and EPO treatment 
I h and 24 h before induction of ischemia, respectively. Note no significant differences between groups at baseline. 
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cemerline velocity, are expressed as the number of cells per minute 
passing a reference point within the micro vessel (26). 

Macromolecuiar extravasation was determined as an indicator of 
microvascular permeability and. thus, endothelial integrity and was 
assessed by densitometry measurement of gray levels in the tissue 
directly adjacent to the venular vessel wall (E ( ). as well as within the 
marginal cell- free plasma layer of the vessel (E 2 ). Macromolecuiar 
extravasation was then calculated as the ratio of Ei to E2 (26). 

Experimental protocol Sham animals (n = 6) underwent chamber 
preparation without l/R induction and EPO treatment. EPO-control 
animals (n = 6) received recombinant human EPO (5,000 U/kg body 
wt ip; Roche, Basel, Switzerland) I h before intravital microscopic 
baseline measurements but were not subjected to l/R. The I/R + EPO 
Ih group (n = 6) was subjected to l/R and treated with EPO (5,000 
U/kg body wt ip) I h before induction of ischemia. The l/R + EPO 
24h group (n = 6) was subjected to I/R and treated with EPO (5,000 
U/kg body wt ip) 24 h before induction of ischemia. I/R animals {n = 
6) were subjected to I/R but treated with equivalent volumes of the 
vehicle (saline). Repetitive intravital microscopic observations in the 
anesthetized animal were performed at baseline (before I/R) and 2 and 
6 h, as well as 1,3, and 5 days, after onset of reperfusion. Sham and 
EPO-control animals were studied at corresponding time points. At 
the end of the experiments, the animals were euthanized by injection 
of an overdose of the anesthetic. In another group of 12 animals, 
hematocrit and hemoglobin concentration were assessed and RBCs 
were counted 5 days after systemic administration of EPO (5,000 
U/kg body wt, n = 6) or vehicle (n - 6). One additional animal of 
each group was killed 6 h after onset of repertusion and used for 
immunohistochemical study of EPO receptor and eNOS expression in 
small arterioles. Four additional animals from the I/R and I/R + EPO 
lh groups were used for semiquantitative study of the EPO receptor 
and eNOS expression pattern. 

Immunohistochemical detection and evaluation of EPO receptor 
and eNOS. For analysis of the pattern and cell type-specific expression 
of EPO receptor and eNOS, activity of endogenous peroxidase was 
blocked by incubation of 4-ftm sections of the tissue in 0.3% H2O2- 
methanol, and the slides were exposed to cross-reacting polyclonal 
rabbit anti-rat EPO receptor (1:50 dilution; StressGen Biotechnolo- 
gies, Victoria. BC, Canada) or eNOS (1:25 dilution; BD Biosciences, 
Germany) antibody at 37°C for 2 h. A horseradish peroxidase- 
conjugated goat anti-rabbit antibody was used as secondary antibody 
(1:500 dilution; Amersham Biosciences, Freiburg, Germany), and 
3.3'-diaminobenzidine was used as chromogen. Slides were counter- 
stained with hematoxylin and examined by light microscopy (model 
BX 60F, Olympus Optical. Tokyo, Japan). As a negative control, 
additional sections from each specimen were exposed to appropriate 
IgG isotype-matched antibody (Sigma Aldrich Chemie). instead of the 
primary antibodies, under the same conditions to determine the 
specificity of antibody binding. All the control stains were found to 
be negative. The intensity of the staining reactions in arterioles was 
evaluated using a semiquantitative score. 

Statistical analysis. Values are means ± SD. For comparison 
between individual time points, ANOVA for repeated measures was 
followed by the appropriate post hoc test, including correction of the 
alpha error according to Bonferroni's probabilities. For comparison 
between the groups, ANOVA for comparison of multiple groups was 
followed by Studenl-Newman-Keuls test for appropriate post hoc 
analysis (SigmaStat, Jandel, San Rafael. CA). P < 0.05 was taken to 
indicate statistically significant differences. 

RESULTS 

Hematocrit and hemoglobin concentrations, as well as RBC 
counts, slightly increased 5 days after treatment with EPO 
(5,000 U/kg body wt). but these values were not significantly 
different from vehicle-treated control values (Table 1), 



Postischemic arteriolar perfusion. Analysis of arteriolar 
diameters, RBC velocity, and blood flow revealed comparable 
values at baseline in all groups (Table 2). I/R provoked arte- 
riolar constriction, which was most pronounced {P < 0.05) 
during the late-reperfusion phase (Fig. IA). Analysis of arte- 
riolar RBC velocity and arteriolar blood flow showed a reactive 
hyperemia during the first 6 h of reperfusion followed by a 
significant decrease (P < 0.05) during the late-reperfusion 
phase (Fig. 1, B and Q. Pretreatment with EPO 1 or 24 h 
before ischemia completely prevented arteriolar constriction 
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Fig. I. Arteriolar diameters M), RBC velocity (B), and blood flow (C). 
expressed as percentage of baseline (BL), in vehicle-treated animals subjected 
to ischemia-reperfusion (I/R) injury (c) and I/R animals pretieated with 
erythropoietin (EPO) I h (•) or 24 h (■) before induction of ischemia. Arrow 
indicates induction of 3 h of ischemia and onset of reperfusion (l/R). Note 
arteriolar constriction and reduction of arteriolar blood flow after l/R and 
prevention of postischemic deterioration of arteriolar blood perfusion after 
EPO pretreatment. Values are means :r SD. *P < 0.05 vs. BL. BP < 0.05 vs. 
vehicle-treated l/R animals at corresponding time points. 
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(Fig. \A) and effectively abrogated (P < 0.05) the decrease of 
postischemic arteriolar perfusion during the late-reperfusion 
phase (Fig. I, B and C). 

Postischemic capillary perfusion. Analysis of functional 
capillary density, as well as capillary diameters, RBC velocity, 
and blood flow, revealed comparable values at baseline in all 
groups (Table 2). I/R induced a significant decrease (P < 0.05) 
in functional capillary density to 40% of baseline during early 
reperfusion that did not completely recover after the 5-day 
reperfusion period (Fig. 2A). This was associated with a hy- 
peremic capillary perfusion of the remaining patent capillaries 
during early reperfusion followed by a significant (P < 0.05) 
capillary narrowing and blood flow reduction during the late- 
reperfusion phase (Fig. 2, B-D). Pretreatment with EPO I or 
24 h before ischemia significantly (P < 0.05) attenuated the 
I/R-induced decrease of functional capillary density (Fig. 2A). 
EPO was able to completely abrogate the decrease of capillary 
blood flow during the late-reperfusion period and also induced 
capillary hyperperfusion (P < 0.05), mainly by widening 
luminal diameter (Figs. 2, B-D). 

Postischemic venular perfusion. Analysis of venular diam- 
eters, RBC velocity, and blood flow revealed comparable 
values at baseline in all groups (Table 2). I/R did not signifi- 
cantly affect diameters and flow conditions throughout the 
reperfusion phase (data not shown). Also, EPO pretreatment 
1 h or 24 h before ischemia did not significantly change venular 
flow conditions during postischemic reperfusion (data not 
shown). 

Postischemic leukocyte -endothelial cell interaction. Analy- 
sis of venular leukocyte rolling and adherence revealed com- 
parable values at baseline in all groups (Table 2). The I/R- 
induced 5- to 10-fold increase (P < 0.05) of leukocyte rolling 
and firm adherence during the initial postischemic reperfusion 
period did not completely recover during the 5-day observation 
period (Fig. 3). Pretreatment with EPO I or 24 h before 
ischemia significantly (P < 0.05) attenuated leukocyte rolling 
(Fig. 3A) and also reduced leukocyte firm adherence, resulting 
in numbers of cells per endothelial surface comparable to that 
observed at baseline (Fig. 3B). 

Postischemic microvascular permeability. Analysis of mac- 
romolecular extravasation from postcapillary venules, as an 
indicator of microvascular permeability, revealed comparable 
values at baseline in all groups (Table 2). The I/R-induced 
significant increase (P < 0.05) of macromolecular extravasa- 
tion during the early postischemic reperfusion period did not 
recover after the 5-day observation period (Fig. 4). Pretreat- 
ment with EPO 1 or 24 h before ischemia significantly (P < 
0.05) attenuated I/R-induced microvascular hyperpermeability. 
At 5 days after reperfusion, permeability in animals treated 
with EPO 1 h before ischemia was comparable to that at 
baseline (Fig. 4) and in sham-operated controls (Fig. 5). 



Fig. 2. Functional capillary density (Ah capillary diameters (B). RBC velocity 
(O. and blood flow (£>) of perfused capillaries, expressed & percentage of 
baseline, in vehicle-treated I/R animals (C) and I/R animals prctreated with 
EPO I h (•) or 24 h (■) before induction of ischemia. Arrow indicates 
induction of 3 h of ischemia and onset of reperfusion (1/R). Note significant 
derangement of capillary perfusion after I/R and protection of functional 
capillary density with capillary hyperperfusion after EPO pretreatment. Values 
are means ± SD. *P < 0.05 vs. BL. *P < 0.05 vs. vehicle-treated I/R animals 
at corresponding time poinw. 



Microcirculation and inflammation in sham-operated and 
nonischemic EPO-control animals. In animals that were sub- 
jected to only sham operation or treated with EPO without I/R, 
no significant changes were observed in arteriolar, capillary, 
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Fig. 3. Leukocyte rolling (A) and leukocyte firm adherence (fl). expressed as 
percentage of baseline, in vehicle-treated 1/R animals (O) and I/R animals 
pretreated with EPO I h (•) or 24 h (■) before induction of ischemia. Arrow 
indicates induction of 3 h of ischemia and onset of reperfusion (l/R). Note 
massive induction of leukocyte rolling and adherence by I/R and significant 
attenuation of this leukocytic inflammatory response after EPO pretreatment. 
Values are means 2: SD. *P < 0.05 vs. BL. #P < 0.05 vs. vehicle-treated l/R 
animals at corresponding time points. 



and venular perfusion over the 5-day period (Fig. 5, A-C). No 
leukocytic inflammatory responses or changes in macromolec- 
ular extravasation were noted in these animals (Fig. 5, D-F). 

Postischemic angiogenesis and neovascularization. Despite 
the reduction of arteriolar and capillary perfusion during the 
postischemic reperfusion period, I/R was not associated with 
an angiogenic response and neovascularization (Fig. 6). In 
contrast, pretreatment with EPO, in particular 1 h before 
ischemia, resulted in capillary budding and sprouting I and 3 
days after onset of reperfusion and formation of new capillary 
networks with perfused microvessels at the end of the 5-day 
observation period (Fig. 6). 

Postischemic EPO receptor and eNOS expression. EPO 
receptor and eNOS expression was markedly enhanced 6 h 
after reperfusion in animals pretreated with EPO compared 
with sham-control animals (Fig. 7). Expression of eNOS was 
distinct in the endoluminal aspects of endothelial cells in sham 
animals and I/R controls; after EPO pretreatment, however, the 
entire cytoplasm showed substantial eNOS expression {P < 
0.05). The staining was observed in endothelial, but not smooth 
muscle, cells. EPO receptor expression was distinct in all 
endothelial cells in sham animals. In vehicle-treated I/R con- 
trols, a marked expression of EPO receptor was observed 
compared with sham (P < 0.05); after EPO pretreatment. this 



effect was more pronounced (not significant compared with I/R 
controls). In smooth muscle cells, marked expression of EPO 
receptor was observed after EPO treatment (Fig. 8). 

DISCUSSION 

In the present study, we demonstrate for the first time that 
EPO pretreatment can attenuate I/R-induced microcirculatory 
dysfunction and leukocyte-endothelial cell interaction in postis- 
chemic striated muscle. Our study strongly suggests that, in the 
presence of hypoxia, EPO pretreatment may exert its protec- 
tion through an enhanced eNOS expression and may stimulate 
the proliferation of endothelial cells in critically reperfused 
striated muscle. 

There is insufficient information about the dose of EPO that 
should be used to achieve nonhematopoietic effects. The first 
investigators who described nonhematopoietic beneficial ac- 
tions of EPO used single, high doses of 5,000 U/kg, which 
have been shown to reduce infarct size in the heart by prevent- 
ing apoptosis. This effect was achieved when EPO was in- 
jected immediately after myocardial ischemia without increas- 
ing the risk of thrombosis. At lower doses, EPO has been 
shown to be somehow effective, but higher doses extended the 
therapeutic window. Accordingly, for our study of the effect of 
EPO on microcirculatory dysfunction in I/R, we used the high 
dose (5,000 U/kg). In future studies, it is necessary to define 
the relationship between EPO dose and the various effects of 
EPO, including the antiapoptotic, proangiogenic, vasculopro- 
tective, and anti-inflammatory actions. 

Three hours of ischemia caused a classic hyperemic re- 
sponse during initial reperfusion, with enhancement of arterio- 
lar RBC velocity and, thus, volumetric blood flow. This, 
however, was followed by a severe arteriolar constriction 6 h 
after the onset of reperfusion that persisted over the entire 
5-day observation period. This arteriolar constriction was func- 
tionally significant, as indicated by a reduced volumetric blood 
flow within the striated muscle tissue. EPO pretreatment com- 
pletely abrogated the I/R-induced arteriolar constriction and. 
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Fig. 4. Macromolecular extravasation, an indicator for microvascular perme- 
ability, in vehicle- treated l/R animals (O) and l/R animals pretreated with EPO 
I h (•> or 24 h (■) before induction of ischemia. Arrow indicates induction of 
3 h of ischemia and onset of reperfusion (l/R). Note increase of microvascular 
permeability during postischemic reperfusion, which is significantly attenuated 
after EPO pretreatment. Values are means ± SO. *P < 0.05 vs. BL #P < 0.05 
vs. vehicle-treated I/R animals at corresponding time points. 
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Fig. 5. Arteriolar blood flow, functional 
capillary density, capillary blood flow, leu- 
kocyie rolling, leukocyte adherence, and 
macromolecular extravasation in sham-oper- 
ated animals (O) and EPO-controls without 
l/R (•). Arrow indicates induction of 3 h of 
ischemia and onset of reperfusion (l/R). Sham 
operation and EPO treatment did not signifi- 
cantly affect rnicrocirculatory and inflamma- 
tory parameters. Values are means ± SD. 



thus, bJood flow reduction. This action of EPO may be caused 
by the EPO-associated attenuation of venular leukocyte adher- 
ence. The I/R-induced leukocyte accumulation in venules may 
act in a paracrine manner on the vasomotor control of the 
feeding arterioles, because the second- and third-order arte- 
rioles are running in parallel to the postcapillary and collecting 
venules. This view is based on observations of a previous study 
in which abrogation of CDI8-dependent leukocyte adherence 
in postcapillary venules was shown to successfully blunt arte- 
riolar constriction during postischemic reperfusion (40). 

These findings are not inconsistent with the assumption that 
some beneficial effect of EPO is related to NO synthase, 
because vascular endothelial dysfunctions in reperfused stri- 
ated muscle have been shown to be associated with decreased 
NO concentrations and reduced eNOS activity (17). Accord- 
ingly, we observed in the present study that EPO pretreatment 
increased eNOS expression, and this may be responsible for 
the abrogation of the I/R-induced arteriolar constriction. Con- 
sistent with this observation, a recent study, showing that 
postischemic inflammation depends on eNOS phosphorylation, 
supports the view that eNOS is involved in EPO-mediated 



rnicrocirculatory protection bifunctionally: by increasing the 
NO availability and through an anti-inflammatory effect (21). 

In parallel to the reduction of the arteriolar blood flow, l/R 
induced significant capillary no-reflow, as indicated by a mas- 
sive diminution of postischemic functional capillary density. It 
has been suggested that the postischemic capillary no-reflow in 
striated muscle is caused by an increased extramural tissue 
pressure due to the I/R-induced venular leukocytic inflamma- 
tion, the increase in microvascular permeability, and the for- 
mation of interstitial edema (18). Indeed, abrogation of venular 
leukocyte adherence by monoclonal antibodies directed against 
CD 1 1 /CD 1 8 has been shown to reduce postischemic micro- 
vascular permeability and, consequently, capillary perfusion 
failure (18). This ideally parallels the observations in the 
present study after EPO pretreatment. Thus the protective 
action of EPO on postischemic rnicrocirculatory dysfunction 
seems to be primarily based on targeting of the inflamma- 
tory leukocytic response in the postcapillary venules. The 
attenuation of leukocyte-endothelial cell interactions by 
EPO may be caused by the increased expression of eNOS 
during postischemic reperfusion, because NO has been 
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Fig. 6. A-C: postishemic intravital fluores- 
cence microscopy Icontrast enhancement by 
5% RTC-dextran (150.000 mol wt)] of an- 
giogenic budding (A. arrows), sprouting (5. 
arrow), and microvascular network forma- 
tion (O in animals pretreated with EPO 1 h 
before induction of ischemia. D-F\ quanti- 
tative analysis of capillary budding, capillary 
sprouting, and microvascular neiwork for- 
mation in vehicle-treated l/R animals (open 
bars) and l/R animals pretreated with EPO 
I h (solid bars) or 24 h (shaded bars) before 
induction of ischemia. Arrow indicates in- 
duction of 3 n of ischemia and onset of 
repertusion (l/R). Note lack of angiogenesis 
and neovascularization after l/R and capil- 
lary budding, capillary sprouting, and micro- 
vascular network formation after EPO pre- 
treatment, in particular when EPO was given 
I h before ischemia. Values (percent w angio- 
genesis-positive" fields of all fields ana- 
lyzed) are means ± SD. *P < 0.05 vs. BL. 
#P < 0.05 vs. vehicle-treated l/R animals at 
corresponding time points. tP < 0.05 vs. 
EPO at 24 h. 
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shown to be protective in limiting leukocyte adherence in 
l/R injury (19). 

In the present l/R model, hypoxia-inducible factors (HIFs) 
may have been upregulated and vascular endothelial growth 
factor (VEGF) may have been induced, and both may have 
contributed to the angiogenesis. Theoretically. VEGF as the 
vascular permeability factor may also have contributed to the 
increased microvascular permeability. However, because mi- 
crovascular permeability was increased most after I/R in vehi- 
cle controls, whereas angiogenesis was observed only in EPO- 
treated animals, which showed a significantly reduced micro- 
vascular permeability compared with the vehicle- treated 
controls, it is highly unlikely that the postischemic increase in 
microvascular permeability is induced in the present model by 
the action of HIFs and VEGF. In contrast, it is most probable 
that the increased microvascular permeability is due to the 
ischemia- and reoxygenation-mediated inflammatory injury 
(26) and that this injury is reduced after EPO treatment because 
of anti-inflammatory potentials of EPO. 

I/R induced a reactive hyperemia during the initial postis- 
hemic reperfusion period but was associated with luminal 



narrowing and reduction of blood flow in the still-patent 
capillaries during the late-reperfusion phase. EPO pre treat- 
ment, in particular I h before ischemia, resulted in a widening 
of the capillary lumen, which was associated with capillary 
hypoperfusion. Although we are not aware whether the cap- 
illary widening was passive in nature or actively mediated by 
EPO, others demonstrated in hepatic tissue that I/R is associ- 
ated with a reduction of capillary (sinusoidal) diameters due to 
pericyte constriction, which is triggered by an imbalance be- 
tween endothelin-1 and NO, and that widening of sinusoids can 
be achieved by modulating the balance in favor of NO (30). 
Accordingly, the postischemic capillary widening observed 
after EPO pretreatment in the present study may be caused by 
the increased release of NO due to the pronounced eNOS 
expression. 

Thus our study provides evidence that EPO can have a direct 
action on the endothelium in vivo that increases NO bioavail- 
ability by upregulation of eNOS under hypoxic conditions. 
Binding studies with radio-ionated EPO demonstrated 
-27,000 receptors per endothelial cell on the intraluminal 
surface (3). Our results suggest that hypoxia increases the 
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Fig. 7. Staining intensity of EPO receptor (EPO-R) and endothelial nitric 
oxide synthase (eNOS) in vascular endothelial cells of mouse striated muscle 
after 3 h of ischemia and 6 h of reperfusion in sham-operated animals (open 
bars), vehicle-treated l/R animals (shaded bars), and l/R animals pretreated 
with EPO 1 h before induction of ischemia (solid bars) determined by a 
semiquantitative score (0 = no, I » weak. 2 = moderate, 3 e strong staining). 
Values are means ± SD (n = 5 per group). *P < 0.05 vs. sham. #P < 0.05 
vs. vehicle-treated l/R animals at corresponding time points. 

capacity of the endothelial cell to produce NO in response to 
EPO pretreatment by induction of EPO receptors and eNOS. 
These results are consistent with the findings of a recent study 
in which it was shown that endothelial responses may require 
an increased exposure to EPO combined with upregulation of 
EPO receptors (6). Without induction of EPO receptors, only a 
minima) EPO response is achieved, as demonstrated in the 
present study in EPO-control animals, which revealed negligi- 
ble changes in microhemodynamics after EPO pretreatment. 

Angiogenesis, involving capillary sprouting from preexist- 
ing blood vessels, comprises a series of events including 
degradation of extracellular matrix components, proliferation 
and migration of endothelial cells, and tube formation. Thera- 
peutic angiogenesis describes the induction and stimulation of 



neovascularization for treatment or prevention of pathological 
clinical situations characterized by local hypo vascularity, such 
as postishemic conditions of critically reperfused striated 
muscle. In the present study, we observed capillary budding 
and sprouting from small postcapillary venules, in particular 
when EPO was given I h before ischemia, but no angiogenic 
response in vehicle-treated animals. This suggests that the 
ischemic stimulus and EPO pretreatment are necessary for 
effective induction of angiogenesis. 

A recent study demonstrated that ischemic tissue viability 
can be improved by systemic EPO administration. However, 
the underlying mechanisms remained unclear, although en- 
hanced angiogenesis was assumed (8). EPO has been shown to 
induce therapeutic angiogenesis with an effectiveness equal to 
that of VEGF. Compared with the plethora of data from other 
angiogenic factors such as VEGF or those of the fibroblast 
growth factor family, data on the angiogenic properties of EPO 
are rather rare. The angiogenic activity of EPO has been 
described in vitro and in the rat aortic ring model (10), in 
estrogen-dependent uterine angiogenesis (39), and in immor- 
talized human umbilical vein endothelial cells (31). In vivo 
studies in the chicken embryo chorioallantoic membrane assay 
(13) demonstrated that EPO induces endothelial cell prolifer- 
ation and migration and stimulates angiogenesis following an 
intussusceptive microvascular growth mechanism. In a recent 
study, accelerated wound healing after experimental thermal 
injury and EPO treatment was associated with substantial 
neovascularization in traumatized tissue (14). Promising stud- 
ies have further indicated that EPO might play a role in 
endothelial progenitor cell recruitment, promoting repair of the 
endothelium in the setting of tissue injury (4). Here, we have 
demonstrated for the first time that EPO can induce angiogen- 
esis and functionally intact microvascular networks in J/R 
injury. 




Fig. 8. Immunohistological demonstration of EPO receptor {A 
and B) and eNOS (C and D) expression (brown staining) of 
endothelial cells (arrows) and smooth muscle celts (arrow- 
heads) in cross sections of mouse striated muscle arterioles after 
3 h of ischemia and 6 h of reperfusion. Normal expression of 
eNOS and EPO receptors in sham-operated animals is shown in 
A and C. Note strong expression of EPO-receptor in endothelial 
cells and smooth muscle cells (B) and eNOS in endothelial ceils 
(0) after EPO pretreatment I h before ischemia. 
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In conclusion, our data demonstrate that EPO administration 
in a single dose before onset of postishemic reperfusion offers 
significant protection against 1/R injury in striated muscle by 
reducing capillary no-reflow and leukocytic inflammation dur- 
ing early reperfusion and by modulating arteriolar vasomotor 
response and inducing angiogenesis in the later postischemic 
period. 
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Erythropoietin Protects the Intestine Against Ischemia/ 
Reperfusion Injury in Rats 
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Previous studies have shown that erythropoietin (EPO) has protecth/e effects against (schemla/reperfusion (l/R) Injury In several tis- 
sues. Ihe aim of this study was to determine whether EPO could prevent intestinal tissue injury Induced by l/R. Wistar rats were sub- 
jected to Intestinal Ischemia (30 min) and reperfusion (60 mln). A single dose of EPO (5000 U/kg) was administered intraperttoneally 
at two different time points: either at five minutes before the onset of Ischemia or at the onset of reperfusion. At the end of the reper- 
fusion period Jejunum was removed for examinations. Myeloperoxidase (MPO). maloncflaldehyde (MDA), and antioxidant defense 
system were assessed by biochemical analyses. Histological evaluation was performed according to the Chiu scoring method. En- 
dothelial nitric oxide synthase (eNOS) was demonstrated by inrmunohistochemistry. Apoptotic cells were determined by TUNEL stain- 
ing. Compared with the sham. I/R caused Intestinal tissue injury (Chiu score. 3 ± 0.36 vs 0.4 ± 0.24. P< 0.01) and was accompanied 
by Increases in MDA levels (0.747 1 0.076 vs 0.492 1 0.033, P < 0.05). MPO actMry (10.51 ± 1 .87 vs 4.3 ± 0.45. P < 0.05). intensity of eNOS 
Immunolabelllng (3 ± 0.4 vs 1 .3 ± 0.33. P < 0.05). the number of TUNEL-positfve ceils (20.4 ± 2.6 vs 4.6 ± 1 .2. P< 0.001). and a decrease 
in catalase actMty(16.83±2.6vs43.15±4.7. P<0.01). Compared with the vehicle-treatedl/R. EPO Improved tissue Injury; decreased 
the Intensity of eNOS ImmunotabeEng (1 .6 ± 0.24 vs 3 i 0.4. P < 0.05). the number of TUNEL-posfflve ceDs (9.2 ± 2.7 vs 20.4 ± 2.6. P < 0.01). 
and the high histological scores (1 ± 0.51 vs 3 ± 0.36. P < 0.01). and increased catalase activity (42,85 ± 6 vs 16.83 ± 2.6. 
P < 0.01) when given before ischemia, while it was found to have decreased the levels of MDA (0.483 ± 0.025 vs 0.747 ± 0.076. P < 
0.05) and MPO activity (3.86 ± 0.76 vs 10.51 ± 1 .87. P < 0.05). intensity of eNOS frrvnundabeillng (1.4 ± 0.24 vs 3 ± 0,4. P < 0.01), the 
number of TUNEL-positive cells (9.1 ± 3 vs 20.4 ± 2.6. P< aOl). and the number of high histological scores (1.16 ± 0.4 vs 3 ± 0.36, P< 
0.05) when given at the onset of reperfusion. These results demonstrate that EPO protects against intestinal l/R Injury in rats by re- 
ducing oxidative stress and apoptosis. We attributed this beneficial effect to the antioxldative properties of EPO. 
Online address: http://www.motmed.org 
dot: 10.21 19/2007-OO032.Gunel 



INTRODUCTION 

The restoration of blood flow to an is- 
chemic region leads to tissue injury at a 
greater rate than the original ischemic in- 
sult, an event called reperfusion injury. 
Among the abdominal organs, the small 
intestine is probably the most sensitive 
to ischemia /reperfusion (I/R) induced 
injury (1). It occurs frequently in a vari- 
ety of clinical conditions, including 
mesenteric artery occlusion, abdominal 
aneurism surgery, trauma, shock, and 



small intestinal transplantation, and is 
associated with high morbidity and 
mortality (2). Although the exact mecha- 
nisms involved in the pathogenesis of 
intestinal I/R injury have not been fully 
elucidated, it is generally believed that 
oxidative stress mediators such as reac- 
tive oxygen species (ROS), polymor- 
phonuclear neutrophils, and nitric oxide 
(NO) play an important role (3). 

Erythropoietin (EPO) is a glycoprotein 
cytokine produced primarily by the kid- 



ney in the regulation of red blood cell 
production. In addition to this well- 
known and widely recognized effect, 
many studies have shown that EPO also 
acts as a tissue protecting factor (4-7). 
The favorable effects of the EPO- related 
changes are not fully understood, al- 
though its antiapoptotic, antioxidative, 
and antiinflammatory properties as well 
as its angiogenic potential seem to be re- 
lated to the EPO-mediated protective ef- 
fect (5,8,9). The protective effects of EPO 
are mediated through the tissue-protective 
EPO receptor, consisting of a heteromeric 
complex containing an EPO receptor and 
a p common receptor subunit (10). How- 
ever, little is known about the presence 
and protective role of EPO and its recep- 
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tor in the intestine. Juul SE et al (1999) 
have demonstrated that EPO receptors are 
expressed on the intestinal tissue in ro- 
dents and humans (11). EPO was found 
to have a beneficial effect on intestinal 
damage such as colitis (12), necrotizing 
enterocolitis, (13) and anastomosis (14) in 
animal models. Previous studies have 
shown that EPO exhibits protective effects 
on tissue injury associated with 1/R in 
many tissues such as cardiac (15), kidney 
(16), liver (17), lung (18), brain (19), and 
retina (20). However, it is not known 
whether EPO has a protective effect in the 
intestinal injury associated with I/R. 
Under the light of these data, the aim of 
the present study therefore was to deter- 
mine whether recombinant human ery- 
thropoietin (rHuEPO) has a protective 
effect on intestinal I/R injury in rats. 

MATERIALS AND METHODS 

Animals 

Male albino Wistar rats (200-250 g) 
were used in the present study. All the 
animals were kept under optimum con- 
ditions (21 ± 1° C, 40 to 70 percent hu- 
midity, 12/12 darkness-lightness cycle) at 
Dokuz Eylul University's Laboratory An- 
imal Unit and were fed ad libitum with 
standard pellet diet and water. The ex- 
perimental protocol was approved by 
Dokuz Eylul University's Ethic Commit- 
tee for Animal Research. 

Experimental Groups 

The rats were randomly divided into 
four groups as described: (a) Sham 
group: All the surgical steps were per- 
formed, except that intestinal 1/R was not 
induced. Animals were kept under anes- 
thesia for the duration of the intestinal 
1/R method. The sham group served as 
control of I/R group; (b) I/R group: In- 
testinal I/R was performed and served as 
control of rHuEPO-administered groups; 
(c) EPO + I/R group: Intestinal I/R was 
performed and rHuEPO was adminis- 
tered five minutes before the onset of is- 
chemia; (d) I + EPO + R group: Intestinal 
I/R was performed and rHuEPO was ad- 
ministered at the onset of reperfusion. 



A single dose of rHuEPO (5000 U/kg) 
was injected via i.p. route. rHuEPO (Ne- 
oRecormon, Roche, Germany) were pur- 
chased commercially. 

Technique of Intestinal I/R 

Feeding of the animals was stopped 12 h 
prior to the start of the intestinal I/R pro- 
cedure and they received only water. The 
rats were anesthetized with u re thane 
(1500 mg/kg, i.p.) and their temperature 
was regulated by means of a lamp light 
bulb during the test. Intestinal I/R was in- 
duced as follows: The rats were placed in 
the supine position and secured in the dis- 
section tray. The abdominal region was 
shaved and cleaned with antiseptic solu- 
tions. The intestinal region was reached by 
means of midline laparotomy. Superior 
mesenteric artery (SMA) was subjected 
with care and occluded with an atraumatic 
microvascular clamp, thus intestinal ische- 
mia was created in 30 min. Ischemia was 
recognized by the existence of pulseless or 
pale color of the intestine. The abdominal 
region was then closed. Following ische- 
mia, the clamp was removed and 60 min 
reperfusion was induced. The return of the 
pulses and the reestablishment of the pink 
color were assumed to be the reperfusion 
of the intestine. At the end of reperfusion, 
the jejunal segment was taken out, and the 
animals were killed by exsanguination. 

Tissue Preparation for Biochemical 
Analysis 

All tissues were washed two times 
with cold saline solution and homoge- 
nized using a glass Teflon homogenizer 
(B. Brawn, Germany) in buffer at a ratio of 
1/10 (50 mM potassium phosphate buffer 
pH: 7.8, containing 0.5 mmoI/L PMSF, 10 
ug/mL aprotinin) after cutting the tissue 
into small pieces with scissors and cen- 
trihiged at 2500g. Malondialdehyde 
(MDA) analyses were measured at this 
homogenate stage. The homogenate was 
then centrifuged at 45 OOQg for 30 min. The 
supernatant was used for cotorimetric de- 
termination of superoxide dismutase 
(SOD), catalase (CAT), and glutathione 
peroxidase (GSH-Px) enzyme activities. 
For glutathione (GSH) and myeloperoxi- 



dase (MPO) assay, tissue preparation de- 
tails were mentioned in the analysis sec- 
tion. All preparation procedures were per- 
formed at +4° C. All homogenates were 
stored at -80° C prior to testing. 

MDA Assay 

The MDA assay was based on the con- 
densation of one molecule of malondi- 
aldehyde with two molecules of thiobar- 
bituric acid (TBA) in the presence of 
reduced agents. The TBA + MDA com- 
plex was analyzed by HPLC system as 
described by Tatum et al. (21). Briefly, the 
HPLC system (Shimadzu VP Class, Shi- 
madzu Corporation, Japan) consisted of 
a LC-10 ADVP pump system (Shimadzu 
VP) equipped with an automatic injector 
(SIL-10 ADVP), RF-10XL fluorescence de- 
tector and a personal computer using 
Class VP 6.1 Software. Aliquots of TBA + 
MDA samples were injected on a CI 8 
column (Nucleosil 100-5, 150-4.6 mm; 
Macherey-Nagel Incorporation, Bethle- 
hem, PA, USA) maintained at 30° C, fol- 
lowed by fluorimetric detection at 550 
nm after excitation at 340 run. Serial con- 
centrations (0,75 uM - 50 uM) of 1, 1, 3, 
3-tetraethoxypropane (TEP) were used as 
standard. Measurements were expressed 
in terms of MDA normalized to the tis- 
sue protein content 

Thiobarbituric acid (TBA), 1,1,3,3- 
Tetraethoxypropane (TEP), butylated hy- 
droxytoluen (BHT), potassium monoba- 
sic phosphate (Kr^PO^, potassium 
dibasic phosphate (KjHP0 4 ), sodium hy- 
droxide (NaOH), sodium dodecyl sul- 
phate (SDS), ethanol, pyridine, n-bu- 
tanol, and HPLC grade methanol were 
obtained from Sigma Chemicals, Ger- 
many. 

Determination of MPO Activity 

MPO activity was measured in tissues 
with commercially available ELISA kit 
(Bioxytech MPO-EIA, Oxis Research, 
Portland, OR, USA). Briefly, tissue sam- 
ples were homogenized in 50 mM potas- 
sium phosphate buffer, pH: 7.8, contain- 
ing 0.5 mmol/L PMSF, 10 ug/mL 
aprotinin, five percent 0.5 percent hexa- 
decyltrimethylammonium bromide 
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(HETAB), and centrifuged at 40,000$ for 
15 min at +4° C. Then, the supernatant 
was assayed according to the manufac- 
turer's instructions. The absorbance was 
read at 405 nm using Multi-Detection 
MicroPtate Reader (Synergy HT, BioTek 
Instruments, Inc., Winooski, VT, USA). 
Quantifications were achieved by the 
construction of standard curve using 
known concentrations of MPO. Results 
were expressed as ng/mg protein. 

Determination of SOD Activity 

For determination of SOD activity, the 
colorimetric assay (Bioxytech SOD-525, 
Oxis Research) was used. This method is 
based on the SOD-mediated increase in 
the rate of autooxidation of tetrahy- 
drobenzofluorene in an aqueous alkaline 
solution to yield a chromophore with 
maximum absorbance at 525 nm. This 
absorbance was measured by spec- 
trophotometer (Varian, Carry 50 UV- Vis- 
ible, Australia). Results were expressed 
as U/mg protein. 

Determination of CAT Activity 

CAT activity was determined by 
means of commercially available colori- 
metric assay (Bioxytech, Catalase 520, 
Oxis Research) and performed according 
to the manufacturer's instructions. One 
unit of enzyme activity was defined as 
the amount of catalase that is available 
causing a change in absorbance at 520 nm 
for ten minutes. CAT activity was ex- 
pressed as U/mg protein. 

Measurement of Glutathione 
Peroxidase (GSH-Px) Activity 

GSH-Px activity was measured by auto- 
mated spectrophotometric method (Hitachi 
Modular Analytics, Roche Diagnostics Inc., 
Tokyo, Japan). The enzymatic reaction was 
initiated by the addition of cumene hydro- 
peroxide (CuOOH) to the reaction mixture 
containing CSH, NADPH, EDTA, NaNO y 
and glutathione reductase. The change in 
the absorbance at 340 nm was monitored. 

{Measurement of GSH Levels 

Colorimetric assay for assessment of 
reduced glutathione concentration 



(Bioxytech, CSH-400, Oxis Research) 
was used. Firstly, the tissue was ho- 
mogenized in precipitation reagent 
(Bioxytech CSH-420, Oxis Research) 
and homogenate was centrifuged at 
3000g for ten minutes at +4° C and 
upper aqueous layer was used for 
assay. Then, the level of reduced glu- 
tathione was measured at 412 nm by 
spectrophotometer (Varian, Carry 50 
UV- Visible, Australia). Results were ex- 
pressed as umole/mg protein. 

Protein Determination 

The protein content in each tissue 
sample was determined using the bicin- 
choninic acid protein assay (BCA) (Sigma 
Chemicals, Germany). Bovine serum al- 
bumin was used as a standard (22). 

Histological Analysis 

Serial sections were taken from ten 
percent formalin fixed paraffin embed- 
ded tissue blocks of intestinal tissues 
and stained with Hematoxilen & Eosin 
(H&E). Tissue injury in the intestinal 
mucosa was evaluated using light mi- 
croscopy according to the criteria de- 
scribed by Chiu et al (1970) and graded 
from 0 to 5 (23). The grades are: Grade 0: 
Normal mucosa; Grade 1: Formation of 
subepithelial detachments at the tip of 
the villi with capillary congestion; 
Grade 2: Subepithelial detachments ex- 
erted a moderate amount of upward 
push on the mucosa epithelium; Grade 3: 
Large subepithelial detachments ex- 
erted a massive amount of upward 
push on the mucosa epithelium along 
the villi and few denuded villus tips 
were observed; Grade 4: The villi were 
denuded to the level of lamina propria 
and dilated capillaries; Grade 5: Pres- 
ence of ulceration, disintegration of 
lamina propria, and hemorrhage. 

Detection of Apoptosis by TUNEL 
Method 

Four-micrometer-thick sections were 
collected on poly-L-lysine-coated glass 
slides. The nuclear DNA fragmentation 
of the apoptotic cell was labeled in situ 
by the terminal deoxynucleotidyl treat- 



ments with xylene and rehydration 
with progressively decreasing alcohol 
concentrations followed by phosphate- 
buffered saline (PBS), each section was 
treated with 20 jig/mL proteinase K 
(Sigma) in 0.1 mol/L Tris/HCL buffer 
(pH 7.4) for 15 min. After rinsing with 
PBS, endogenous peroxidase activity 
was blocked with three percent hydro- 
gen peroxide (H 2 0 2 ) for five minutes. 
After rinsing with PBS, they were incu- 
bated with 0.5 U/uL terminal deoxynu- 
cleotidyl transferase (Boerhinger 
Mannheim, Germany) and 0.05 nmol/ 
uL biotinylated deoxyuridine triphos- 
phate in terminal deoxynucleotidyl 
transferase buffer (Boerhinger 
Mannheim) for 60 min in a humidified 
chamber at 37° C. Each slide was then 
observed with a microscope to check 
the staining quality before image acqui- 
sition. For each animal, five sections 
were analyzed by counting apoptotic 
bodies in five randomly chosen fields. 

Immunohistochemlstry 

Irnmunohistochemical staining was 
used to locate eNOS expression in jejunal 
tissue. Sections were incubated at 60° C 
overnight, and then deparaffinized in 
xylene for 30 min. After rehydrating 
through a graded ethanol series, sections 
were treated with two percent trypsin at 
37° C for 15 min. Sections were then incu- 
bated in a solution of three percent H 2 0 2 
for 15 min to inhibit endogenous peroxi- 
dase activity. Next, the sections were incu- 
bated overnight with anti-eNOS antibody 
(GeneTex, Inc, San Antonio, TX, USA) and 
then for another 30 min with the biotiny- 
lated mouse secondary antibody. The 
bound secondary antibody was then am- 
plified with Vector Elite ABC kit (Vectas- 
tain, Vector Laboratories, Burlingame, CA, 
USA). The antibody-biotin-avidin-peroxi- 
dase complexes were visualized using 
0.02 percent DAB and nuclei were coun- 
terstained with Harris hematoxylin. The 
sections were finally mounted onto lysine 
coated slides. The images were analyzed 
using a computer-assisted image analyzer 
system consisting of a microscope (Olym- 
pus BX-50, Tokyo, Japan) equipped with a 
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Figure 1. Jejunal tissue levels of malondialdehyde (MDA) and myeloperoxidase (MPO) In 
sham-operated animals, vehicle-treated l/R animals, and l/R animals treated with EPO 
five minutes before Ischemia and at the onset of reperfuslon. Data are mean ± S.E.M. 
(n » 5-7 per group). *P < 0.06 vs sham; **P< 0.05 vs vehicle-treated l/R animals (one-way 
ANOVA followed by Tukey's post-test). Note that there is a significant decrease in the 
MDA and MPO levels in the I + EPO + R group compared with the l/R group. Sham; intes- 
tinal l/R was not induced. l/R; Intestinal l/R, EPO + l/R; rHuEPO administered five minutes 
before Ischemia, I + EPO + R; rHuEPO administered onset of reperfuslon. 



high-resolution video camera (JVC TK- 
890E, Japan). This analysis was per- 
formed in at least ten areas per jejunal 
section, in two sections from each animal 
at x40 magnification. The immunola- 
belling scores were evaluated blindly. 
Immunolabelling intensity was graded 
as mild (1), moderate (2), strong (3), and 
very strong (4). 

Statistical Analysis 

SPSS statistical package was used for 
data analysis (version 11.0, SPSS Inc., 
Chicago, IL, USA). The difference among 
groups was assessed with one-way 
ANOVA and Tukey HSD test was used 
to examine the difference between two 
groups. Statistical significance was ac- 
cepted for the P values lower than 0.05; 
the arithmetic mean ± S.E.M. was used 
to define distribution. 

RESULTS 

Effects of rHuEPO on MDA Levels and 
MPO Activity In the Intestinal Tissue 
Subjected to l/R In Rats 

MDA levels examined as an indicator of 
Jipid peroxidation are shown in figure 1 A. 
Compared with the sham group, MDA 
levels in the jejunal tissue in the I/R group 
were found to have increased (0747 ± 0.076 



vs 0.492 ± 0.033 mmol/mg protein, P < 0.05). 
As for the rHuETO-administered groups, a 
significant decrease in the MDA levels was 
observed in the I + EPO + R group (0.483 ± 
0.025 vs 0.747 ± 0.076 mmol/mg protein, P 
< 0.05), while there was a decrease in the 
EPO + I/R group but the difference was 
not significant when compared with I/R 
group (P> 0.05). 

MPO activity examined as an indicator 
of neutrophil accumulation is shown in 
Figure IB. Compared with the sham 



group, MPO activity in the jejunal tissue 
in the I/R group were found to have in- 
creased (10.51 ± 1.87 vs 4.3 ± 0.45 ng/mg 
protein, P < 0.05). As for the rHuEPO-ad- 
ministered groups, a significant decrease 
in the MPO activities was observed in 
the I + EPO + R group (3.86 ± 0.76 vs 
10.51 ± 1.87 ng/mg protein, 
P < 0.05) while there was a decrease in 
the EPO + I/R group, but the difference 
was not significant when compared with 
the I/R group (P > 0.05). 

Effects of rHuEPO on Antioxidant 
Activity In the Intestinal Tissue 
Subjected to l/R In Rats 

The levels of enzymatic activity (SOD, 
CAT, and GSH-Px) and non-enzymatic 
levels (GSH) in the jejunal tissue are 
shown in Table 1. Compared with the 
sham group, the I/R group exhibited 
slight changes in the enzymatic activity 
of SOD and GSH-Px and also in the lev- 
els of GSH, but these differences were 
not significant (P > 0.05); however, a 
significant decrease was determined in 
the level of CAT activity (16.83 ± 2.6 vs 
43.15 ± 4.7 U/mg protein, P < 0.01). As 
for the rHuEPO-administered groups, 
only the EPO + I/R group was found to 
have an increased CAT activity (42.85 ± 6 
vs 16.83 ± 2.6 U/mg protein, P < 0.01) 
when compared with the I/R group. 



Table 1. Jejunal tissue levels of antioxidant system elements (superoxide cfismutase (SOD, 
cataJase (CAT) and gluthatlone peroxidase (GSH-Px)) and glutathione (GSH)) In sham- 
operated animals, vehicle-treated l/R animals, and f/R animals treated with EPO five 
minutes before ischemia and at the onset of reperfuslon. 





Enzymatic antioxidants 


Non-enzymatic antioxidant 




SOD 


CAT 


GSH-Px 


GSH 




(U/mg/protein) 


(U/mg/proteln) 


(U/mg/proteln) 


(pmol/mg/proteln) 


Sham 


4.94 ± 1.24 


43.16 ±4.7 


0.036 ±0.007 


0.381 ±0.079 


l/R 


6.18 ±0.43 


16.83 ± 2.6° 


0.035 ±0.010 


0.275 ±0.026 


EPO + l/R 


5.34 ±0.66 


42.86 ±6° 


0.034 ±0.013 


0.262 ±0.022 


l + EPO + R 


5.15 ±0.88 


29.31 ±4.6 


0.032 ±0.008 


0.280 ±0.028 



°P<0.01 vssham. 

D P < 0.01 vs vehicle-treated l/R animals. 

Data are mean ± S.E.M. (n = 5-7 per group). Note that there is a significant increase in the 
CAT levels in the EPO + l/R group compared with the l/R group. Sham; intestinal l/R was 
not induced. I/R; intestinal l/R. EPO + l/R; rHuEPO administered five minutes before 
ischemia. I + EPO + R; rHuEPO administered onset of reperfusion. 



512 I GUN ELI ET AL. I MOl MEO 13(9-10)509-51 7. SEPTEMBER-OCTOBER 2007 



C00024658 



RESEARCH ARTICLE 




Figure 3. Photomicrographs of the Jejunal tissue stained by the hematoxylin and eosin in 
sham-operated animals, vehicJe-treated l/R animals, and l/R animals treated with EPO 
five minutes before Ischemia and at the onset of reperfusloa (A) Sham: Histological fea- 
tures of normal Jejunal tissue were observed, (B) l/R: The villi are denuded to the level of 
the lamina propria and dilated capillaries. (C) EPO + l/R: The villi are preserved (D) I + 
EPO + R: Erosion of the surface epithelium while the architecture of the villi are preserved. 
Sham; intestinal l/R was not induced. l/R; intestinal l/R, EPO + l/R; rHuEPO administered 
five minutes before ischemia. I + EPO ♦ R; rHuEPO administered onset of reperfusion (40x). 



5 
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Figure 2. Intestinal mucosal injury evaluated 
by Chlu scoring system In sham-operated 
animals, vehicle-treated l/R animals, and 
l/R animals treated with EPO five minutes 
before ischemia and at the onset of reper- 
fusion. Grading as (0 » normal mucosa, 1 = 
slight-. 2 = moderate-. 3 • massive subep- 
ithelial detachments. 4 « denudes vilfl, 5 = 
ulceration). Data are mean ± S.E.M. (n = 
5-7 per group). *P< 0.01 vs sham; **P< 
0.05 vs vehicle-treated l/R animals (one- 
way ANOVA followed by Tukey's post-test). 
Note that there is a significant decrease in 
the intestinal Injury score after treatment 
with EPO compared with the vehicle 
treated l/R animals. Sham; intestinal l/R was 
not induced, l/R; intestinal l/R. EPO + l/R; 
rHuEPO administered five minutes before is- 
chemia. I + EPO + R; rHuEPO administered 
onset of reperfusion. 



Effects of rHuEPO on Histological 
Changes in the Intestinal Tissue 
Subjected to l/R In Rats 

H&E staining was carried out to deter- 
mine the histological changes in the jeju- 
nal tissue. Histological evaluation was 
performed according to the Chiu scoring 
method. Data related to scoring obtained 
by means of H&E staining as well as the 
microphotographs are shown in Figure 2 
and Figure 3. As expected, no mucosal 
injury was observed in the sham group. 
According to the Chiu scoring system, 
the injury in the l/R group was found to 
have increased compared with the sham 
group (3 ± 036 vs 0.4 ± 0.24, P < 0.01). It 
was determined that rHuEPO adminis- 
tered both before ischemia and at the 
onset of reperfusion significantly pre- 
vented the mucosal injury caused by I/R 
(EPO + l/R 1 ± 0.51, P < 0.01 and I + 
EPO + R 1.16 ± 0.4 vs l/R 3 ± 0.36, P < 
0.05, respectively). 



Effects of rHuEPO on the Apoptotic 
Changes In the Intestinal Tissue 
Subjected to l/R In Rats 

Localization of apoptotic cells in the 
jejunal tissue was made using the 
TUNEL staining method. The number 
of apoptotic cells (TUNEL-positive 
cells) is shown in Figure 4. Micropho- 
tographs of apoptotic cells stained by the 
TUNEL method are shown in Figure 5. 
Fewer TUNEL-positive cells were ob- 
served in the sham group (4.6 ± 1.2). 
Compared with the sham, the numbers 
of TUNEL-positive cell were found to 
have increased in the I/R group (20.4 ± 

2.6 vs 4.6 ± 1.2, P < 0.001). However, a 
decrease in the numbers of TUNEL- 
positive cell was observed in 
rHuEPO administered in groups both 
before ischemia and at the onset of 
reperfusion groups (EPO + I/R 9.2 ± 

2.7 and I + EPO + R 9.1 ± 3 vs I/R 20.4 
± 2.6, P< 0.01). 



Effects of rHuEPO on the eNOS 
Expression in the Intestinal Tissue 
Subfectedtol/RinRats 

We used immunohistochemical stain- 
ing to localize eNOS expression. Im- 
munohistochemical staining was scored 
in a semiquantitative manner to deter- 
mine the differences between the groups 
in the distribution patterns of intensity of 
eNOS ixnmunolabelling of the intestinal 
tissue (Figure 6). The intensity of the 
staining was recorded as mild (1), mod- 
erate (2), strong (3), and very strong (4). 
Microphotographs of eNOS immunore- 
activity in the jejunal tissue are shown in 
Figure 7. According to the scoring sys- 
tem, the intensity of eNOS immunola- 
belling in the I/R group was also found 
to have increased compared with the 
sham group (3 ± 0.4 vs 1.3 ± 033, P < 
0.05). However, it was determined that 
rHuEPO administered both before ische- 
mia and at the onset of reperfusion sig- 
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Figure 4. The number of apoptotic cells In 
the jejunal tissue determined by TUNEL 
staining In sham-operated animals, vehi- 
cle-treated l/R animals, and l/R animals 
treated with EPO five minutes before is- 
chemia and at the onset of reperfuslon. 
Results are expressed as mean TUNEL posi- 
tive nuclei/observed field ± S.E.M (n = 5-7 
per group). # P< 0.001 vs sham; "P < 0.01 
vs vehicle-treated l/R animals (one-way 
ANOVA followed by Tukey's post-test). 
Note that there is a significant decrease In 
the TUNEL-posJtlve cells in EPO treated l/R 
animals compared with the vehicle 
treated l/R animals. Sham; Intestinal l/R 
was not induced. l/R; Intestinal l/R, EPO + 
l/R; rHuEPO administered five minutes be- 
fore Ischemia. I + EPO + R; rHuEPO admin- 
istered onset of reperfuslon. 



nificantly decreased (EPO + l/R 1.6 ± 
0.24, P < 0.05 and I + EPO + R 1 .4 ± 0.24 
vs I/R 3 ± 0.4, P < 0.01, respectively). 

DISCUSSION 

Given the fact that histological assess- 
ment made using a microscopic scoring 
system has been accepted as a good stan- 
dard in the evaluation of l/R injury in 
the intestinal tissue (23,24), the present 
study has established that a high single 
dose of rHuEPO administered both be- 
fore ischemia and at the onset of reperfu- 
sion protected the intestinal tissue 
against l/R injury in rats. Data from 
the present study demonstrate that anti- 
apoptotic, antioxidative, and antiinflam- 
matory properties seem to be related to 
the EPO-mediated protective effect 
against intestinal I/R injury. The pres- 
ent study, to the best of our information, 
is the first study demonstrating the ef- 
fects of rHuEPO in preventing the I/R- 
induced intestinal injury. 
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Figure 5. Photomicrographs of apoptotic cells in the jejunal tissue stained by the TUNEL 
method In sham-operated animals, vehicle-treated l/R animals, and l/R animals treated 
wrth EPO five minutes before Ischemia and at the onset of reperfuslon. The dark brown 
dots correspond to representative TUNEL-posJtive nuclei. (A) Sham: Intestinal l/R was not 
Induced. (B) l/R: Intestinal l/R. (O EPO + l/R: rHuEPO administered five minutes before Is- 
chemia. (D) I + EPO ♦ R: rHuEPO administered onset of reperfuslon (200x). 



Oxidative stress plays an important 
role in the intestinal I/R injury. In the in- 
testinal tissue subjected to I/R, activated 
neutrophils induce tissue injury through 
the production and release of ROS and 
cytotoxic proteins (for example, pro- 
teases, MPO, lactoferrin) into the extra- 
cellular fluid, constituting the inflamma- 
tory cascades that trigger the radical- 
induced I/R injury (3,25,26). MPO activ- 
ity is commonly used to measure the ex- 
tent of inflammation in intestinal tissues 
subjected to I/R injury (3). In the present 
study, intestinal I/R caused an elevation 
in tissue MPO activity, indicating the 
presence of enhanced leukocyte recruit- 
ment in the inflamed tissue, while the 
increased intestinal MDA level, an indi- 
cator of lipid peroxidation, verified the 
oxidative damage in the intestinal tissue. 

Some researchers reported the antiin- 
flammatory properties of EPO against 
I/R induced tissue injury (9,19,27). The 
present study determined that the MPO 
activity decreased with the application of 
rHuEPO, but a significant decrease was 



observed in the group in which rHuEPO 
was administered at the onset of reper- 
fusion. The inhibition of neutrophil re- 
cruitment into the tissue is reflected by 
the partial capacity of rHuEPO to re- 
verse the neutropoenia observed during 
reperfusion. 

ROS are potent oxidizing agents, the 
damage of cellular membranes by lipid 
peroxidation being a major consequence. 
Previous studies established that EPO in- 
hibits lipid peroxidation in the oxidative 
damage induced by in vitro (28,29) and 
in vivo (17,30,31) models. These studies 
also established that EPO inhibited lipid 
peroxidation induced by strong hydroxyl 
radicals ( OH) formed by iron-mediated 
Fenton reaction. In the present study, it 
was found that rHuEPO administered at 
the onset of both ischemia and reperfu- 
sion caused a decrease in MDA levels, 
but a really significant decrease was ob- 
served in the group in which rHuEPO 
was administered at the onset of reperfu- 
sion. The present study as well as a 
number of other previously conducted 
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Figure 6. The Intensity of eNOS Irnmunola- 
beHlng evaluated by scoring system In 
sham-operated animate, vehicle-treated l/R 
animals, and l/R animals treated with EPO 
five minutes before Ischemia and at the 
onset of reperfusion. Grades of score: mild 
(1). moderate (2), strong (3), and very 
strong (4). Data are mean ± S.E.M. (n = 3-5 
per group). *P < 0.06 vs sham* **P < 0.05 vs 
vehicle-treated l/R animals; mmm p< o.OI vs 
vehicle-treated l/R animals (one-way 
ANOVA followed by Tukey's post-test). Note 
that there Is a significant decrease In EPO 
groups compared with the l/R group. 
Sham; Intestinal l/R was not induced, l/R; in- 
testinal l/R, EPO + l/R; rHuEPO administered 
five minutes before Ischemia. I + EPO + R; 
rHuEPO administered onset of reperfuslon. 

researches demonstrated that EPO had a 
direct antioxidant function by scaveng- 
ing ROS from the environment. EPO is a 
glycoprotein hormone containing ap- 
proximately 30 percent carbohydrate, 11 
percent sialic acid, 11 percent total hex- 
ose, and 8 percent N-acetylglucosamine. 
Cross et al (1984) has shown that small 
glycopolypeptides are powerful OH 
scavengers (32). Such scavenging action, 
as they have pointed out, is to be ex- 
pected from the high sugar content of the 
glycopolypeptides. Thus, protection by 
EPO may be mediated through the scav- 
enging action of its sugar moiety. Mecha- 
nistic studies suggest that Bcl-2 might be 
mediated in the antioxidant activity of 
EPO (33). 

There are many studies revealing the 
association of EPO with the antioxidant 
system. These studies showed that EPO 
increased the activity of antioxidant en- 
zymes, such as SOD, CAT, and GSH-Px 
(28,2934-37). In the present study, it also 
was found that rHuEPO administered 




Figure 7. ImmunolabeiQng of endothelial nitric oxide synthase (eNOS) In the jejunal tissue 
In sham-operated animals, vehicle-treated l/R animals, and l/R animals treated with EPO 
five minutes before Ischemia and at the onset of reperfusion. Note that mild Immunota- 
belilng of eNOS is detected in jejunal specimens from sham animate, strong immunoreac- 
tivity is detected In l/R animals and moderate immunoreactivlty is detected In rHuEPO 
administered groups. (A) Sham: Intestinal l/R was not Induced. (B) l/R: Intestinal l/R. (C) 
EPO + l/R: rHuEPO administered five minutes before Ischemia. (D) I + EPO + R: rHuEPO ad- 
ministered onset of reperfusion (40x>. 



prior to ischemia significantly elevated 
the level of CAT activity when compared 
with the I/R group. In conformity with 
the results obtained from previous stud- 
ies on the antioxidant system, we found 
that EPO might be capable of increasing 
the activity of CAT or restoring this en- 
zyme, which decreases due to I/R in the 
intestinal tissue. Findings obtained from 
the present study and a handful of previ- 
ously conducted studies have verified 
that EPO might be capable of acting as a 
direct antioxidant as well by activating 
antioxidant defense mechanisms. 

Apoptosis, known as programmed cell 
death, is a form of cell death that serves 
to eliminate dying cells in proliferating 
or differentiating cell populations (38). 
However, activation of apoptosis in 
pathologic states results in rapid and ex- 
tensive cell death with consequent tissue 
dysfunction. Previous studies reported 
that apoptosis is a major mode of cell 
death in the intestinal damage induced 



by I/R (39,40). In the present study, the 
number of TUNEL-positive cells as an 
indicator of apoptosis increased signifi- 
cantly after 30 min ischemia followed by 
60 min reperfusion in the jejunal tissue. 
In previous studies dealing with I/R in- 
jury, EPO enhanced functional and mor- 
phologic tissue recovery, mainly through 
its antiapoptotic action. For example, 
rHuEPO was found to be effective in re- 
ducing the number of TUNEL-positive 
cells in I/R-induced injury in the heart 
(41). Sharpies et al (2004) determined 
that rHuEPO reduced the number of 
TUNEL-positive cells prior to both ische- 
mia and reperfusion in renal I/R injury 
(16). In the present study, an increased 
number of TUNEL-positive cells in the 
jejunal tissue subjected to I/R was also 
reduced by rHuEPO. Despite well- 
characterized reductions in apoptosis 
after EPO treatment, the mechanisms 
mediating the effects of EPO are not yet 
fully understood. It was reported that 
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Jak2-STAT-Bd-2 pathway are involved in 
mediating the antiapoptotic effect of EPO 
(42). 

Oxidative stress is known to induce 
apoptosis by damaging DNA, oxidizing 
membrane lipids, and /or directly acti- 
vating the expression of the genes/pro- 
teins responsible for apoptosis (43-45). 
Kojima et al (2003) have reported that 
oxidative stress after I/R plays an impor- 
tant role in induction of apoptosis in the 
intestinal mucosa (46). In the present 
study, increased oxidative stress in intes- 
tinal I/R may be responsible for apopto- 
sis. Therefore, the inhibitory effect of 
EPO on the I/R-induced ROS production 
may be the underlying mechanism for its 
protective effect against apoptosis. 

Although NO is an important signal- 
ing molecule in physiological processes, 
its protective or detrimental role in intes- 
tinal I/R injury is still controversial. It 
has been reported that endothelial nitric 
oxide synthase (eNOS)-derived NO may 
have a protective role at the onset of I/R 
of the small intestine (47). However, evi- 
dence also suggests that eNOS can be- 
come "dysfunctional" during oxidative 
stress. It has been demonstrated that su- 
peroxide anions may react with NO re- 
leased by eNOS and thereby turn into 
cytotoxic oxidant peroxynitrite (48). 
Therefore, an altered function of eNOS 
may play a role in intestinal I/R. In the 
present study, the 30 min ischemia fol- 
lowed by 60 min reperfusion increased 
eNOS expression in the jejunal tissue. 
These results show that intestinal I/R in- 
jury may be related to increased NO pro- 
duction associated with eNOS, produc- 
ing peroxynitrite. However, our study 
showed that increased eNOS expression 
induced by 1/R decreased with rHuEPO 
treatment, thus it might be reducing per- 
oxynitrite, and causing enhanced intes- 
tinal I/R injury. These results demon- 
strate that inhibitory effect of EPO on the 
eNOS-mediated NO overproduction may 
be the underlying mechanism for its pro- 
tective effect against intestinal I/R injury. 
However, these results contradict a re- 
cent study which has demonstrated that 
EPO increases eNOS expression in car- 



diomyocyte in both in vitro and in vivo 
models of I/R (49). On the other hand, 
previous studies in cultured endothelial 
cells indicated that EPO had little or no 
effect on increasing eNOS activity 
(5031). Wang and Waziri (1999) reported 
that 24 h incubation of human coronary 
artery endothelial cells with EPO-inhib- 
ited NO production and eNOS expres- 
sion (52). Calapai et al (2000) showed 
that increase of NO production in the 
hippocampus, as observed after ische- 
mia, was reduced in animals treated 
with rHuEPO (53). Briefly, as reviewed 
by Li et al (2002), effects of EPO on 
eNOS expression are still controversial 
(54). Nevertheless, elucidation of the role 
of NO pathway in intestinal protection 
of EPO will need further investigations. 

In conclusion, a single dose of EPO 
protects the intestinal tissue against I/R 
injury in rats, demonstrating antioxidant, 
anti-inflammatory, and antiapoptotic ef- 
fects. Future experiments will be needed 
to precisely explore the EPO signaling 
pathways in the intestine to delineate the 
benefits of EPO therapy and incorporate 
its potential use into clinical practice in 
the future. 
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Abstract 

Beyond its role in the regulation of red blood cell proliferation, the glycoprotein erythropoietin (EPO) has been shown to promote cell 
regeneration and angiogenesis in a variety of different tissues. In addition, EPO has been indicated to share significant functional and structural 
homologies with the vascular endothelial growth factor (VEGF), a cytokine essential in the process of fracture healing. However, there is complete 
lack of information on the action of EPO in bone repair and fracture healing. Therefore, we investigated the effect of EPO treatment on bone 
healing in a murine closed femur fracture model using radiological, histomorphometric, immunohistochemical, biomechanical and protein 
biochemical analysis. Thirty-six SKHI-hr mice were treated with daily i.p. injections of 5000 U/kg EPO from day t before fracture until day 4 
after fracture. Controls received equivalent amounts of the vehicle. After 2 weeks of fracture healing, we could demonstrate expression of the 
EPO-receptor (EPOR) in terminally differentiating chondrocytes within the callus. At this time point EPO-treated animals showed a higher 
torsional stifihess (biomechanical analysis: 39.6 ± 19.4% of the contralateral unfractured femur) and an increased callus density (X-ray analysis 
(callus denshy/spongiosa density): 1I0.5±7.1%) when compared to vehicle-treated controls (14.3±8.2% and 105.9±6.6%; p<0.05). 
Accordingly, the histomorphometric examination revealed an increased fraction of mineralized bone and osteoid (33.0 ±3.0% versus 28.5 ±3.6%; 
p<0.05). Of interest, this early effect of the initial 6-day EPO treatment had vanished at 5 weeks after fracture. We conclude that EPO-EPOR 
signaling is involved in the process of early endochondral ossification, enhancing the transition of soft callus to hard callus. 
© 2006 Elsevier Inc. All rights reserved. 

Keywords: EPO; EPOR; Endochondral ossification; Fracture heating; Mice 



Introduction 

In the United States, each year approximately 6 million 
people sustain bone fractures (Praemer et aJ., 1992). In spite of 
an appropriate orthopedic management some of these fractures 
heal poorly or even result in non-union. In these cases the 
reason for inadequate bone healing mostly remains unclear, and, 
therefore, therapy options are limited. 
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Fracture healing is a complex physiological process that 
occurs in a sequentially orchestrated manner, inflammation, 
mesenchymal cell condensation, chondro genesis, angiogenesis, 
and osteogenesis. Directly after trauma, inflammatory cells, 
macrophages and platelets can be detected at the fracture site. 
Amongst others, cytokines like platelet-Kierived growth factor 
(PDGF) and transforming growth factor (TGF-f*) lead to a 
proliferation of mesenchymal cells in the periosteum. Further, 
mesenchymal cells differentiate to chondrocytes, which form a 
cartilaginous callus (soft callus). During ossification the hyper- 
trophic chondrocytes terminally differentiate and undergo 
apoptosis (Miclau and Helms, 2000). The cartilage calcifies 
before being replaced by newly formed woven bone (hard callus) 
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(Barnes et al., 1999). Simultaneously, new blood vessels invade 
the callus, which seems to play a critical role in the process of 
osteogenesis (Gerber et al., 1999). One of the key molecules 
promoting angiogenesis during fracture healing is the vascular 
endothelial growth factor (VEGF) (Ferguson et al., 1999). In 
addition, VEGF is expressed in terminally differentiating 
chondrocytes, suggesting an important role of VEGF in the deg- 
radation of hypertrophic cartilage matrix (Neufeld et al.. 1 999). In 
fact, recent studies report that osteogenesis can be stimulated by 
the application of VEGF (Geiger et al., 2005). 

The glycoprotein erythropoietin (EPO) regulates the pro- 
duction of red blood cells by its specific interaction with the 
cell-surface receptor EPOR (Krantz, 1991). Additionally, EPOR 
is expressed in several non-hematopoietic cell types (D'Andrea 
et al.. 1 989). For instance, in the brain EPO-EPOR signalling is 
associated with the response to neuronal injury (Brines et al., 
2000). In the kidney, the intestine, and skeletal muscle, EPO has 
been shown to induce cell proliferation (Westenfelder et al., 
1999; Ogilvie et al., 2000; Juul et al., 2001). EPOR has been 
also detected in several types of vascular endothelial cells 
(Anagnostou et al., 1994), and EPO has further been demon- 
strated to promote angiogenesis (Anagnostou et al., 1990). 

The cytokine VEGF shares significant homology with EPO. 
The expression of both EPO and VEGF is stimulated by hypoxia 
through an analogical pathway (Goldberg et al., 1988; Steinbrech 
et al., 2000). Simultaneously, hypoxia and oxygen tension play a 
crucial role in the process of fracture healing (Brighton and 
Krebs, 1972). As mentioned above, EPO and VEGF have also 
been shown to promote angiogenesis and cell proliferation 
(Anagnostou et al., 1990; Westenfelder et al., 1999; Hoeben 
et al., 2004). In addition, the VEGF gene and the EPO gene have 
substantial similarities in terms of structure and enhancer 
elements (Steinbrech et al., 2000). Thus, it seems of major 
interest to investigate whether the positive effects of VEGF on 
bone healing and especially on osteogenesis can also be 
produced by EPO treatment. Because there is no information 
on the action of EPO in fracture healing, we herein studied for the 
fust time the effect of high dose peritrauma application of EPO 
on bone healing using a closed femur fracture model in mice. 

Materials and methods 

Experimental groups 

Thirty-six SKH-IHa mice (30-40 g bw) were treated with 
EPO for 6 days. Therefore, 5000 U/kg bodyweight (bw) EPO 
was applied daily by an intraperitoneal injection from day I 
before fracture until day 4 after fracture. The dose of 5000 U/kg 
was chosen according to other studies analyzing non-hemato- 
poietic actions of EPO in myocardial tissue (Li et al., 2006; 
Nishiya et al.. 2006). Two or five weeks after surgery, animals 
were killed and bone healing was analyzed radiologically 
%=\7 at 2 weeks; n=\6 at 5 weeks), biomechanical ly 
(n=2*8), and histomorphometricaJly (#/=2x7). At 2 weeks 
additional animals were studied by immunohistochemical 
(n-4) and protein biochemical techniques (n=4). An additional 
44 mice, which received the vehicle only, served as controls. 



Analyses in controls were similar to those of EPO-treated 
animals. 

Surgical procedure 

All experiments were performed in adherence to the National 
Institute of Health guidelines for the use of experimental animals 
and were approved by the German legislation on the protection 
of animals. The mice were anesthetized by an intraperitoneal 
injection of 25 mg/kg bw xylazine and 75 mg/kg bw ketamine. 
Under sterile conditions a 4 mm medial parapatellar incision was 
performed at the right knee, and the patella was dislocated 
laterally. A hole (0 =0.5 mm) was drilled into the intracondylar 
notch, and a tungsten guide wire (0=0.1 mm) was inserted 
retrogradely into the intramedullary canal. Using a 3-point 
bending device (Schmidmaier et al., 2004) a standardized closed 
midshaft fracture (according to AO-classification: A2-A3) was 
produced. Subsequently, a locking femur nail (0=0.5 mm) was 
implanted over the guide wire to stabilize the fracture (Holstein 
et al.. in press). Fracture configuration and implant position were 
controlled by X-rays (Inside IP-21 high resolution dental films, 
Kodak, Rochester, NY, USA). After 2 or 5 weeks, animals were 
killed with an overdose of barbiturates. The healed bones were 
X-rayed again and prepared for further biomechanical, histo- 
logical and protein biochemical evaluation. 

Hemoglobin concentration 

To consider the effect of EPO on erythropoiesis, hemoglobin 
concentration was determined in EPO-treated animals as well as 
in untreated controls (Coulter diff AC T, Coulter Beckman, 
Fullerton, CA, USA). 

Radiological analysis 

Dorso-ventral X-rays of the healed femora were digitized 
and evaluated using the Cap Image Analysis System (ZeintI, 
Heidelberg, Germany). Because of possible variabilities in the 
properties of the X-rays, all parameters were calculated in a 
relative manner as follows: (i) total (hard) callus area /femoral 
bone diameter at the fracture site [CI.Ar/B.Dm (mm)] and (ii) 
radiological callus density /radiological spongiosa density [CI. 
Dn/Sn.Dn(%)]. 

In addition, callus maturity was analyzed according to the 
classification of Goldberg et al. (1985) with stage 1 indicating 
radiological non-union; stage 2, possible union; and stage 3, 
radiological union. 

Biomechanical analysis 

After sacrifice of the animals, the right and the left femora were 
resected carefully and freed from soft tissue. After the implant was 
removed, callus strength (right femur) was measured by a 
torsional testing device (Holstein et al., in press). To account for 
differences in bone strength of the individual animals, the 
unfractured left femora were also analyzed, serving as an internal 
control. Therefore, all values of the fractured femora are given in 
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percent of the corresponding unfractured femora. To guarantee 
standardized measuring conditions, a working gauge length 
(Manigrasso and O'Connor, 2004) of 4 mm was determined. 
Applying a gradually increasing torque, biomechanical para- 
meters were calculated as follows: (i) peak torque at failure 
(Nmm), (ii) peak rotation angle at failure (°), and (iii) torsional 
stiffness (Nmm/°). 

Histomorphometric analysis 

After resection of the healed femora and removal of the 
implants, bones were fixed in 4% phosphate buffered formalin 
for 24 h, decalcified in 10% EDTA solution for 5 weeks, and 
embedded in paraffin. 

For histomorphometric studies, longitudinal sections of 5 urn 
thickness were stained according to the trichrome method. At a 
magnification of 1 .25* (Olympus BX60 Microscope, Olympus, 
Tokyo, Japan; Zeiss Axio Cam and Axio Vision 3.1, Carl Zeiss, 
Oberkochen, Germany; ImageJ Analysis System, NIH, 
Bethesda, MD, USA) structural indices were calculated 
according to the nomenclature and units recommended by the 
American Society of Bone and Mineral Research (ASBMR) 
(Parfiu et al., 1987): (i) total callus area (bone [mineralized 
bone, osteoid and bone marrow], cartilaginous, and fibrous 
callus area) /femoral bone diameter (cortical width plus marrow 
diameter) at the fracture gap [Cl.Ar/B.Dm (mm)], (ii) bone 
callus area (mineralized bone, osteoid and bone marrow)/total 
callus area [B.CI.Ar/CI.Ar (%)], (iii) cartilaginous callus area/ 
total callus area [Cg.CI.Ar/Cl.Ar (%)], (iv) fibrous callus area/ 
total callus area [Fb.CI.Ar/ CI. Ar (%)], and (v) mineralized 
callus area plus osteoid callus area (bone without bone 
marrow)/total callus area [(Md.Cl.Ar+O.Cl.Ar)/CI.Ar (%)]. 

Immunohistochemical analysis 

To evaluate cell proliferation and apoptosis within the 
fracture callus, immunohistochemical staining for proliferating 
cell nuclear antigen (PCNA) and caspase-3 was performed. In 
addition, the expression of EPOR was examined immunohis- 
tochemically. Therefore, tissue sections were deparaffinized in 
xylene and rehydrated in a descending, graded series of alcohol. 
Endogenous peroxidase was blocked by 3% H 2 0 2 (10 min). 
Antigen retrieval was achieved by microwaving (10 min; 
700 W) specimens in citrate buffer (pH 6.0). After blocking of 
unspecific binding sites with PBS and goat normal serum 
(30 min; room temperature), sections were incubated overnight 
with mouse monoclonal anti-PCNA (1:50 PBS; PC 10, Dako, 
Glostrup, Denmark), rabbit polyclonal anti-caspase-3 (1:50 
PBS; ASP175, Cell Signaling, Beverly, MA, USA) or rabbit 
polyclonal anti-EPOR antibody (1:50 PBS; M-20, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) at room temperature. 
Peroxidase-conjugated sheep anti-rabbit (1:100; Dianova, 
Hamburg, Germany) and goat anti-mouse (1:100; Amersham 
Biosciences, Buckinghamshire, UK) were used as secondary 
antibodies (incubation for 1 h at room temperature). Diamino- 
benzidine (DAB; Dako) served as the chromogen and Mayer's 
hemalum as the counterstain. 



PCNA and EPOR expression were also quantified. Within 
the callus, PCNA-positive staining was found only in periosteal 
cells and osteoblasts. For quantification, the number of PCNA- 
positive cells was counted and is given in percent of all 
osteoblasts and periosteal cells visible. EPOR-positive staining 
was found only in chondrocytes. For quantification, the number 
of EPOR-positive cells was counted and is given in percent of 
all chondrocytes visible. 

Western blot analysis 

In addition to immunohistochemical staining, Western blot 
analyses for PCNA and EPOR were performed after 2 weeks of 
fracture healing. Therefore, the callus tissue was frozen and stored 
at -80 °C until required. Specimens were homogenized and 
extracted in lysis buffer consisting of 10 mM Tris pH 7.5, 10 mM 
NaCI, 0.1 mM EDTA, 0.5% Triton-X 100, 0.02% NaN 3 , 0.2 mM 
PMSF and protease inhibitor cocktail ( 1 : 100; Sigma, Tauflcirchen, 
Germany). Proteins were separated and transferred to membranes 
by standard protocols and probed using anti-PCNA (Dako) and the 
M-20 EPOR antibody (Santa Cruz Biotechnology X respectively. 

To identify specific binding, an additional analysis was 
performed, in which samples were treated with a distinct 
peptide (provided by Santa Cruz Biotechnology) that blocks the 
specific binding site of the M-20 EPOR antibody. When this 
was done, the characteristic bands for EPOR vanished. 

Western blot analyses were performed only after 2 weeks but 
not after 5 weeks of fracture healing, because after the later time 
period the callus in both groups did not show any remaining 
cartilaginous tissue. 

Protein expression was visualized by means of luminol- 
enhanced chemi luminescence (ECL, Amersham Biosciences) 
after exposure of the membrane to a blue-light-sensitive 
autoradiography film (Hyperfilm ECL, Amersham Biosciences). 
Signals were densitometrically assessed (Geldoc, Quantity one 
software; BioRad, Hercules, CA, USA) and normalized to the p- 
actin signals (mouse monoclonal anti-|S-actin antibody, 1 :5000; 
Sigma) to correct for unequal loading. 

Statistics 

All data are given as means ± standard deviation (SD). After 
proving the assumption of normality and equal variance, 
comparison between the experimental groups was performed by 
one-way ANOVA followed by Student-Newman-Keuls-test, 
which includes a correction of the alpha-error to compensate for 
multiple comparisons. Statistics were performed using the 
SigmaStat software package (Jandel, San Rafael, CA, USA). A 
p value<0.05 was considered to indicate significant differences. 

Results 

Hemoglobin concentration 

EPO-treated animals showed a slight, but not significant 
elevation of the hemoglobin concentration after 6 days treatment 
compared to controls (13, 7 ±0.7 g/dl vs. 1 3. 1 ±0.7 g/dl; p= 0. 1 1 ). 
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Radiological analysis 

Radiological non-union was observed in two animals after 
2 weeks of fracture healing (one EPO- treated animal, one 
control) and in one EPO-treated animal at 5 weeks. According 
to the classification of Goldberg et al. (19X5), callus maturity 
revealed no significant differences between experimental and 
control animals. The relative callus size decreased at 5 weeks 
compared to that at 2 weeks without significant differences 
between EPO-treated animals and controls. In contrast, at 
2 weeks the callus density in relation to the density of the 
spongiosa was slightly but significantly higher in the EPO 
group, whereas this difference could no longer be detected at 
5 weeks (Table I and Fig. 1 ). 

Biomechanical analysis 

Although the peak torque at failure of the bone was only 
slightly higher after 2 weeks of fracture healing, the peak 
rotation angle was significantly decreased in EPO-treated 
animals when compared to vehicle-treated controls. Corre- 
spondingly, the torsional stiffness was significantly increased 
after EPO treatment. After 5 weeks, no significant differences in 
torque, rotation angle and stiffness could be detected between 
the EPO and the control group (Table 2). 

Histomorphometric analysis 

All samples demonstrated a typical pattern of secondary 
fracture healing with callus formation as well as intramembra- 
neous and endochondral ossification. Two weeks after fracture, 
the callus consisted of cartilaginous, fibrous, and osseous tissue. 
The osseous tissue was composed of old cortical bone and new 
woven bone. At 5 weeks cartilaginous and fibrous tissue 
disappeared in almost all samples and soft callus was completely 
replaced by woven bone undergoing extensive remodeling. 
Therefore, a distinction between new maturing bone and old 
surrounding bone was not possible at this time point. 

The histomorphometric analysis revealed a maximum 
relative callus size at 2 weeks without significant differences 



Table 1 

Radiological analysis of the callus of EPO-treated animals and vehicle-treated 
controls after 2 weeks and 5 weeks of fra cture healing 

2 weeks 5 weeks 

EPO Controls P EPO Controls P 

CI.Ar/B.Dm 9.0*1.5 9.3=2.0 0.65 6.9=2.5 5.0±1.5 0.07 
[mm] 

Cl.Dn/Sn.Dn 110.6*7.1 105.9=6.6 0.04 107.1=8.3 106.9=11.9 0 97 
[%] 

Goldberg 2.5±0.6 2.5=0.6 0.88 2.8=0.6 2.9=0.3 0.80 

* { [stage] 

Data are given as means =SD. Cl.Ar/B.Dm: callus area in relation to the 
diameter of the femur at the fracture site: Cl.Dn/Sn.Dn: callus density in relation 
to spongiosa density; Goldberg: classification for callus maturity according to 
Goldberg (stage I: radiological non-union; stage 2: possible union; stage 
3: radiological union). 




Fig. I . X-rays of 6 different femora immediately after fracture (A and D), as well 
as at 2 (B and E) and 5 (C and F) weeks of fracture healing. Figures A-C 
represent femora of EPO-treated animals, figures D-F those of controls. 



between the two groups. Callus size was found decreased after 
5 weeks of fracture healing. Although the composition of the 
callus with cartilaginous, fibrous and osseous tissue did not 



Table 2 

Biomechanical analysis of the callus of EPO-treated animals and vehicle-treated 
controls after 2 weeks and 5 weeks of fracture healin g 

2 weeks 5 weeks 

EPO Controls P EPO Co ntrols P 

Peak torque 27.9=5.3 24.9=6.2 0.35 69.0=15.1 67.4=6.9 0.80 
[%] 

Peak rotation 91.6=48.1 205.9=63.5 0.01 76.3=16.2 76.8*16.8 0.96 
angle [%) 

Torsional 39.6=19.4 14.3=8.2 0.01 94.7=33.3 93.1=28.1 0.92 
stiffness [%] 

Data are given as means =SD. Peak torque, peak rotation angle and torsional 
stiffness of the fractured site are given in percent of the unftactured bone of the 
contralateral site. 
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Table 3 

Hisiomorphometric analysis of the callus of EPO-treated animals and vehicle- 
treated controls after 2 weeks and 5 weeks of fracture heal ing 

2 weeks 5 weeks 

EPO Controls P EPO Controls P 

CI.Ar.'B.Dm 10.3x2.3 11.5*1.7 0.33 6.0=1.6 5.0x!.2 0.24 
[mm] 

B.Cl.Ar/Ct.Ar 58.1 ±6.6 54.1*8.1 0.36 76.8=4.9 73.0*1.7 0.11 
[%] 

Cg.Cl.Ar/Cl.Ar 5.8=2.7 5.2*4.8 0.79 0.0=0.0 0.0=0.0 1.00 
[%) 

Fb.CI.Ar/Cl.Arf%) 6.8 = 2.9 7.2=5.7 0.89 0.7=1.2 0.0*0.0 0.20 

(Md.CI.Ar- 33.0=3.0 28.5±3.6 0.04 39.0x6.1 29.3±I3.5 0.12 
O.CI.Ar)/ 

CI.Ar[%] 

Data are given as means =SD. CLAr/B.Dm: callus area in relation to the diameter 
of the femur at the fracture site; B.CLAr/CLAn bone callus area (mineralized 
bone, osteoid and bone marrow) in relation to total callus area; Cg.CI.Ar/ CI. An 
cartilaginous callus area in relation to total callus area: Fb.C1.Ar/ CI. Ar: fibrous 
callus area in relation to total callus area; (Md.Cl.Ar+O.CI Ar)/CI.An fraction of 
mineralized bone and osteoid in relation to the total callus. 



differ between EPO-treated animals and controls, the fraction of 
osteoid and mineralized bone (bone without bone marrow) was 
significantly higher after EPO treatment at 2 weeks. After 
5 weeks this fraction was still elevated in the EPO group. 
However, the difference did not prove significant due to a high 
variability of data in control animals (Table 3 and Fig. 2). 



Immunohistochemical analysis 

In both groups the immunohistochemical analysis of the 
proteinase caspase-3 as a marker for cell apoptosis indicated 
only weak signaling in the periosteum and the bone marrow at 2 
as well as at 5 weeks. There! was no staining in the range of 
woven bone or cartilage (data not shown). 

In contrast, intense staining of PCNA in periosteal cells 
and osteoblasts within the newly woven bone could be 
observed. However, the number of PCNA-positive periosteal 
cells (14.7±6.4) and osteoblasts (3 1. 2 ±6.2) after EPO 
treatment did not differ significantly from that in vehicle- 
treated controls (12.9 ±7.1 and 30.5 ±11.4). Additionally, 
numerous proliferating cells inside the bone marrow showed 
positive PCNA staining (Fig. 3). At 5 weeks, PCNA within 
the woven bone disappeared and only bone marrow was 
stained positively. 

Of interest, there was a strong staining for EPOR in 
hypertrophic chondrocytes after 2 weeks of fracture healing. in 
both groups. The staining was detected primarily in the 
cytoplasm, demonstrating a spoke wheel pattern within the 
perinuclear space (Fig. 4). The quantitative analysis revealed 
higher values in vehicle-treated controls (63.8±6.7) compared to 
EPO-treated animals (54.0±6.9), however, this difference did not 
prove statistically significant (p=0.13). In addition, bone marrow 
also showed some faintly EPOR-stained cells, which could be 
observed at both 2 weeks and 5 weeks of fracture healing. 




Fig. 2. Longitudinal sections (5 urn thickness, magnification of 1 25 «) of thecal his offemora at 2 (A and C) and 5 (Band D) weeks of fracture healing stained according to the 
tnchrome method. A and B show the callus of EPO-created animals, C and D that of controls. At 2 weeks after fracture, callus consisted of cartilaginous (c) and fibrous (0 tissue 
as well as of cortical (cb) and newly woven bone (wb). Note that the callus is dominated by the newly woven bone, in particular after EPO treatment. At 5 weeks of fracture 
healing cartilaginous and fibrous tissue disappeared completely. A distinction between newly maturing bone and old surrounding bone is no longer possible at this time point. 
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Fig. 3. JmmunohisrochemicaJ analysis of ceil proliferation as indicated by 
PCNA expression within the callus of an EPO -treated animal after 2 weeks of 
fracture healing (A) (c: cartilage, cb: cortical bone, wb: newly woven bone). 
^Higher magnification (B and C) reveals within the newly woven bone intense 
PCNA staining in periosteal cells (B, double arrow) and osteoblasts (B and C. 
arrows). Additionally, numerous cells of the bone marrow (C. arrow head) 
showed positive PCNA staining. 




Fig. 4. Immunohistochemical analysis of EPOR expression within the callus of 
an EPCMreated animal after 2 weeks of fracture healing (A) (c: cartilage* cb: 
cortical bone, wb: woven bone). Higher magnification (B) reveals the strong 
staining of EPOR in hypertrophic chondrocytes (arrow and double arrow). The 
staining was detected pnmarily in the cytoplasm, demonstrating a spoke wheel 
pattern within the perinuclear space (double arrow). 



Western blot analysis 

Consistent with the findings from the immunohistochemical 
analysis, all samples showed characteristic bands according to 
the molecular weight of PCNA at 2 weeks. Furthermore, 



Table 4 

Western blot analysis of PCNA and EPOR expression in callus of EPO-treated 
animals and vehicle-treated controls after 2 weeks of fracture healin g 

2 weeks 

EPO Controls P 

PCNA [OD • mm 3 ] "~ 14.2=1.3 I3.8±l.l 067 
EPOR [OP * mm 2 ) 2l.S±6.0 36.1=: 5.7 r^Oi 

Data are given as means xSD. 
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Fig. 5. Western blot analysis of PCNA and EPOR expression within the calhis 
after 2 weeks of fracture healing. Note the higher expression of EPOR in vehicle- 
treated controls when compared with that of EPO-treated animals, ^-actin was 
used as loading control. 



Western blot analysis confirmed EPOR expression. Of interest, 
the quantitative analysis revealed significantly higher values in 
vehicle-treated controls compared to EPO-treated animals 
(Table 4 and Fig. 5). 

Discussion 

To the best of our knowledge, we report for the first time on 
EPO-receptor expression in bone repair. The fact that EPOR 
expression was restricted to hypertrophic chondrocytes during 
the initial 2 weeks of fracture healing indicates that EPO plays a 
critical role in the process of endochondral ossification. This 
process includes the different stages of (i) terminal chondrocyte 
differentiation and apoptosis, (ii) extracellular matrix degrada- 
tion and calcification, as well as (iii) angiogenesis and 
osteogenesis (Miclau and Helms, 2000). Beside EPO, also 
VEGF has been reported to be expressed in terminally 
differentiating chondrocytes, coincidentally with the onset of 
vascularization and subsequent ossification of the callus 
(Ferguson et aL 1999). It is known that hypertrophic 
chondrocytes release calcium and phosphatases, promoting 
the calcification of the extracellular matrix, as well as 
proteolytic enzymes, inducing the degradation of the matrix 
(Brighton and Hunt. 1986; Einhorn etaL 1989). Several studies 
could show that the expression of VEGF is essential for 
angiogenesis and osteogenesis during initial fracture healing 
(Geiger et aL 2005). The strong genetic and functional 
homologies between EPO and VEGF and the fact that EPO 
just like VEGF induces angiogenesis in other tissues indicate 
similar roles of both cytokines also in the process of fracture 
healing. 

Beside its role as a direct angiogenic and mitotic factor, 
EPO has also been shown to act by VEGF- and nitric oxide 
(NO)-dependent pathways. Galeano et at. (2006) could 
demonstrate that EPO treatment significantly accelerates bum 
wound re-epithelialization by promoting angiogenesis and 
maturation of the extracellular matrix. Moreover, they found a 
twofold increase of VEGF and endothelial nitric oxide 
synthase (eNOS) content in the wound after EPO treatment. 
Of interest, not only VEGF, but also eNOS has been detected 
during the middle stages (day 7-14) of fracture healing in 
pericytes and chondrocytes, contributing to endochondral 
ossification (Zhu et al., 2002). These data suggest that EPO 



might promote also endochondral ossification by VEGF- and 
NO-dependent pathways. 

EPO treatment was associated with a reduction of EPOR 
expression, as indicated by Western blot analysis. This finding 
is in line with the results of other reports, demonstrating a 
downregulation of the EPO-receptor on HCD33 and HCD57 
cells upon EPO challenge (Kramz. 1991). 

Of interest, neither the radiological nor the histological 
analysis revealed a significant difference in callus size 
between EPO-treated animals and vehicle-treated controls. 
However, EPO had a significant impact on the radiological 
callus density during the first 2 weeks of fracture healing. This 
may be due to a higher grade of mineralization and a major 
fraction of bone. This view is supported by the histological 
analysis of the callus, which revealed an increased proportion 
of mineralized bone and osteoid in the EPO group during 
initial fracture healing. 

As an indication of cell proliferation, in all groups, numerous 
cells of the bone marrow were stained positive for PCNA. 
Furthermore, at the "endochondral ossification front", which is 
between hard and soft callus, PCNA positively stained cells 
were found at 2 weeks after fracture. The positive cells in these 
so called "mixed spicules" (Iwaki et aL 1997) are considered 
premature osteoblasts. At the periphery of the callus some 
weakly stained osteoblasts and several strongly stained 
periosteal cells could be detected. At 5 weeks, PCNA-posirive 
cells disappeared in both groups, except for a few cells located 
within the bone marrow. These results are in line with those of 
Iwaki et al. (1997) and suggest a high cell activity during the 
process of endochondral ossification. 

Because there is evidence for programmed cell death of 
hypertrophic chondrocytes during endochondral ossification 
(Lee et al.. 1998), we additionally examined the expression of 
caspase-3 as a marker for cell apoptosis. Of interest, apart from 
some cells in the bone marrow, no positive staining within the 
fracture callus was observed. These findings indicate that 
caspase-3 as an executor caspase is not involved in the process 
of endochondral ossification. 

The effect of EPO on fracture healing became most apparent 
in the biomechanical analysis during the initial 2 weeks of 
fracture healing. Torsional testing revealed a significantly 
higher stiffness of the callus in EPO-treated animals compared 
to controls. Correspondingly, peak angle at fracture was twice as 
much in controls, suggesting a softer consistency of the callus 
and, thus, a major fraction of soft callus. These results match 
with the higher radiological density as well as the increased 
amount of mineralized bone and osteoid found in EPO-treated 
animals at 2 weeks after fracture. 

Of interest, this early protective effect of EPO treatment 
could no longer be observed at 5 weeks after fracture. This is 
probably due to the fact that EPO treatment was applied only 
during the initial 6 days before and after fracture. However, 
because our data indicate that EPOR is expressed only during 
the early time period after fracture and that therefore the action 
of EPO is most evident during the process of endochondral 
ossification to accelerate bone repair, a prolonged therapy may 
not further benefit fracture healing. 
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Conclusion 

Taken together, our data show that during the first 2 weeks 
after fracture high dose EPO treatment is capable of increasing 
torsional stiffness of the callus. Because during this time period 
hypertrophic chondrocytes express EPOR, this beneficial effect 
is most probably induced by EPO-EPOR signaling-mediated 
acceleration of endochondral ossification. 
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Abstract 

Background. Erythropoietin (BPO), a member of the cy- 
tokine type I superfamiry, acts to increase circulating 
erythrocytes primarily by preventing apoptosis of ery- 
throid progenitors, is known to protect tissues and can 
raise haemoglobin (Hb) concentrations. Recently, a sec- 
ond receptor for EPO comprising die EPO receptor and 
^-common receptor has been reported to mediate EPO- 
induced tissue protection. EPO modified by carbamyla- 
tkm (CEPO) only signals through this second receptor. 
Accordingly; we hypothesized mat treatment with CEPO, 
which would not increase Hb concentrations, would protect 
against tubular damage and thereby inhibit tubulointerstitial 
injuries. 

Methods* We evaluated therapeutic effects of CEPO using 
a rat unilateral ureteral obstruction modeL 
Results, CEPO decreased tabular apoptosis and a-smoodi 
muscle actm (aSMA) expression in the absence of poly- 
cythaemia, while the untreated obstructed kidneys exhibited 
increased tubular apoptosis with expanded (otSMA) expres- 
sion. While EPO treatment similarly inhibited tubular apop- 
tosis and otSMA expression, EPO treatment increased Hb 
concentrations and induced a wedge-shaped infarction. 
Conclusion, vve established a therapeutic approach using 
CEPO to protect against tubulointerstitial injury. The thera- 
peutic value of this approach warrants further attention and 
preclinical studies. 

Keywords: apoptosis; carbamyJated erythropoietin; 
tubulointerstitial injury; ureteral obstruction 



Introduction 

Tubulointerstitial inflammation is a common pathological 
feature of progressive renal diseases [1-3] that leads to 
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fibrosis via tubular atrophy, myofibroblast proliferation, 
macrophage infiltration and interstitial matrix accumula- 
tion [4-7]. Unilateral ureteral obstruction (UUO), a rep- 
resentative model of tubulointerstitial renal fibrosis, has 
numerous quantifiable cellular and molecular events, such 
as apoptosis and phenotypic alteration [5]. In progressive 
obstructive nephropathy, the tubules dilate and the renal 
tubular epithelial cells undergo apoptosis, leading to tubu- 
lar atrophy. 

Preliminary knowledge of the biology of erythropoietin 
(EPO>mediated tissue protection was largely developed 
from studies of the nervous system [S\9], which is suscepti- 
ble to ischaemic injury due to its high basal metabolic rate. 
As the normal kidney, like the nervous system, is charac- 
terized by regions in which energy substrates are limited, 
findings derived from nervous system studies are appli- 
cable to the kidney. Although chronic renal hypoxia with 
subsequent tubulointerstitial injury commonly leads to end- 
stage renal failure [10], early treatment with EPO slows the 
progression of renal failure [11]. On the other hand, EPO 
administration to rats with chronic renal failure was shown 
to accelerate the progression of chronic renal disease, es- 
pecially in relation to the increased blood pressure [12]. 

A potential role for the non-haematopoietic activities of 
EPO in the kidney was suggested by the identification of 
the EPO receptor (EpoR) protein expression throughout 
the kidney, including both proximal and distal tubular cells 
[13]. As the affinity of these receptors (M nM) is well 
below the normal plasma EPO concentrations ( — 1—10 pM), 
the cytoprotectrve effects of EPO may require higher doses 
than those used to treat anaemia. However, recent clinical 
trials have suggested that higher doses of EPO are likely to 
be associated with adverse effects [14-17]. 

Recently, a second receptor that mediates EPO-induced 
tissue protection for EPO comprising the EpoR and the 
p-common (CD131) receptor (0CR) has been identified 
[18]. EPO modified by carbamylation, carbaraylated EPO 
(CEPO), is reported to signal only through this receptor, 
not through the homodimeric EpoR [17]. It has been shown 
that CEPO does not stimulate crytJuopoiesis, but that it 
prevents tissue injury in spinal cord neurons [17,19] and 
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cardiomyocytes [18,20]. The results that membrane pro- 
teins prepared from the rat kidney were greatly enriched in 
the EpoR covalentfy bound in a complex with fkR suggest 
that the EpoR physically interacts with 0cR in the kidney 
[18]. In this study, we examined whether treatment with 
CEPO is able to protect the kidney from the tubular apop- 
tosia that typically occurs after unilateral obstruction injury, 
thereby inhibiting subsequent tubulointerstttial fibrosis. 



Materials and methods 

Experimental design 

CEPO was synthesized from human EPO (Epoetin alfa; 
Kirin Corp., Tokyo, Japan) as described earlier [19]. Briefly, 
one volume of EPO (~l mg/ral) was mixed with one vol- 
ume of 1 M Na-borate (pH -8.8) and recrystallized KOCN 
was added to a final concentration of 1 M. After incubation, 
samples were immediately dialysed against miUi-Q water, 
and subsequently against 20 mM sodium citrate m 0.1 M 
NaCl, pH 6.0. After dialysis, the samples were concentrated 
to ~2 mg/ml. 

The therapeutic effects of CEPO on interstitial fibro- 
sis were examined using a UUO model [5]. All proce- 
dures were handled in a humane fashion in accordance 
with the guidelines of the Animal Committee of Osaka 
University. Six-week-old male Sprague Dawley (SD, SLC 
Inc., Hamamatsu, Japan) rats were anaesthetized by in- 
traperitoneal injection of pentobarbital (50 mg/kg), the left 
kidney and ureter were surgically exposed using a mid- 
line incision and the left proximal ureter was Hgated with 
silk thread. Rats were randomly divided into three groups: 
(1) the saline-treatment group (control group; n = 9); (2) 
the EPO- treatment group (EPO group) and (3) the CEPO- 
treatment group (CEPO group). Rats with sham operation 
served as normal control (sham ope group). Control, EPO 
and CEPO group rats received subcutaneous injections of 
0.5 ml of saline, 500IU/kg (low dose; its 6) or 1000 IU/kg 
(high dose; n — 1 1) recombinant human Epoetin alfa (Kirin 
Corp., Tokyo, Japan) in 0.5 ml of saline, or 500 IU/kg (low 
dose; n = 6) or 1000 IU/kg (high dose; n= 11) CEPO in 
0.5 ml of saline [17], respectively, every 2 days after disease 
induction. In order to examine the effect of EPO or CEPO 
(high dose) treatment on blood pressure, three rats from 
each group were selected and blood pressures were moni- 
tored 1 day before the disease induction and 1 day before 
the harvest using a tail cuff and a pneumatic pulse trans- 
ducer (BP-98 A; Softron, Tokyo, Japan). On day 7, kidneys 
were perfused with cold autoclaved PBS and samples of 
the cortex were taken tor RNA preparation and histology. 
Tissues for RNA extraction were frozen using liquid ni- 
trogen and homogenized with acid-guamdtum thiocyanate- 
phenol-chloroform. Tissues for light microscopy were fixed 
with 4% paraformaldehyde overnight, dehydrated through 
a graded ethanol series and embedded in paraffin. Histo- 
logical sections (2 |im) of the kidneys were stained using 
Masson * tri crome method The fibrotic area in the intersti- 
trurn, stained blue by Masson^ Trichrome, was highlighted 
on digitized images using a computer-aided manipulator. 
The fibrotic area relative to the total area of the field was 
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calculated as a percentage. The scores of 10 fields per 
kidney were averaged, after which the mean scores from 
animals in each group were averaged. 



Antibodies 

Anti-human ct-smooth muscle actin (otSMA) antibody 
(EPOS System: Dako, Hamburg, Germany) was used to 
identify myofibroblasts. Pathways that protect the kidneys 
were detected using the following antibodies in immune - 
histochemical testing or western blotting: polyclonal EpoR 
antibody (1:1000, Santa Cruz), polyclonal IL-3/IL-5/GM- 
CSFRp antibody (1:1000, Santa Cruz), polyclonal Ki-67 
antibody (1:50, Dako), polyclonal phospho-Akt (Ser473) 
antibody (1 : 1000, Cell Signaling Technology, Beverly, MA, 
USA) and polyclonal Akt antibody (1:1000, Cell Signal- 
ing). We normalized protein levels using polyclonal p-actJn 
antibody (1 : 1000, Cell Signaling). 



Morphology and tmmunohistochemical staining 

Tissue samples were fixed in 4% (wt/vol) buffered 
paraformaldehyde (PFA) for 16 h and men embedded in 
paraffin. Tissue sections (4 |xm) were mounted on silane 
(2% ^aminopropy Itriethoxysi 1 ane>coa ted slides (Muto 
Pure Chemicals, Tokyo, Japan), depamfflnized with xylene 
and stained with periodic acid-Schiff (PAS). Immune histo- 
chemical staining was carried out using the Envision sys- 
tem (Dako), according to the manufacturer's instructions. 
To examine the expression of otSMA or Ki-67, endoge- 
nous peroxidase activities were blocked with 3% H2O2 for 
lOmin and then incubated with anti-aSMA and anti-Ki-67 
antibodies for 60 min at room temperature. After labelling, 
the endogenous peroxidase activity in tissue sections was 
blocked by incubating in methanol with 0.3% hydroxyoxi- 
dase for 30 min. The sections were then processed us 'mg an 
avidin-biotinylated peroxidase complex method (Vectastain 
ABC kit, Vector Laboratories, Inc., BurKngame, CA, USA) 
with diaminobermdine as the chromogea All histological 
slides were examined by light microscopy using a Nikon 
Eclipse 80 i (Nikon, Tokyo, Japan), and pictures were taken 
with Nikon ACT-1 version 2.63. 

The aSMA-positive area relative to the total Meld area 
was calculated as a percentage using a computer-aided ma- 
nipulator. The mean score for 15 fields per kidney was 
determined, and the mean scores for kidneys in each group 
were men averaged. For Ki-67 staining, the number of pos- 
itive cell nuclei counted in 15 random areas was averaged 

Terminal deoxynucleotidyltmnsfervse-mediated dUTP 
nick end-labeling (TUN EL) staining 

TUNEL staining was performed using the in situ Apopto- 
sis Detection Kit (Iakara Bio, Otsu, Japan), according to 
the manufacturer's instructions. Briefly, sections were de- 
parafTmized and subjected to antigen retrieval in preheated 
lOmmol/l sodium citrate (pH 7) using a microwave. They 
were then incubated with 3% H2O2 for lOmin, followed by 
incubation with a TdT enzyme solution for 90 min at 37°C 
The reaction was terminated by incubation in stop/wash 
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buffer for 30 rain at 37°C. The number of TUNBL-positivc 
cell nuclei was counted in 1 5 random areas and averaged. 



Western blot analysis 

Kidney tissues were homogenized in Cell Lysis Buffer 
(Cell Signaling) with protease inhibitor cocktail tablets 
(Roche, Basel, Switzerland). Homogenates were cen- 
trifuged (12000 x g for lOmin at 4°C), and supernatant 
total protein was measured by the Lowry protein assay 
(Bio-Rad, Hercules, CA). Total protein lysate (15 pig) con- 
taining 1:1 denaturing sample buffer was boiled for 5 min 
and resolved on 6,0-8.0% SDS-polyacrytainide gels, and 
electrophoretkally transferred onto an immobilon PVDF 
membrane (Millipore, Bedford, MA, USA). The filter was 
blocked with 5% (wtfvoQ nonfat milk in 10 mM tris- 
bufifered saline with 0.1% Tween-20 (TBS-T), followed by 
overnight incubation at 4°C with diluted primary antibod- 
ies (EpoR antibody, polyclonal IL-3/IL-5/GM-CSFR0 anti- 
body, polyclonal phospho-Akt antibody and polyclonal Akt 
antibody as the above concentration) in TBS-T containing 
5% BS A. After washing three times in TBS-T, the filter was 
incubated with secondary antibody (1:1000) (Cell Signal- 
ing) in TBS-T for 45 min at room temperature and devel- 
oped to detect specific protein bands using ECL reagents 
(Amersham Bioscience Corp., Piscatawsy, NJ, USA). 



Statistical analysis 

Data are expressed as means ± SIX Statistical significance, 
defined as P < 0.01 or < 0.05, was evaluated using one-way 
ANOVA. 



Results 

Effects on erythropoiesis 

Compared to saline-treated (control group) rats, both 
high dose and low dose of EPO treatment (EPO 
group) significantly increased Hb (saline, 14.3 ±0.4 g/dl, 
median 14.2 g/dl, range 13.7-14.8 g/dl, first to third quar- 
tile 14.0-14.7 g/dl; high dose of EFQ 16.1 ±0.9g/dl, me- 
dian 16.3 g/dl, range 14.3-16.9 g/dl, first to third quar- 
tile 15.7-16.8 g/dl, P < 0.01 versus saline group; low dose 
of EPO, 16.0 ±0.29 g/dl, median 16.0g/dl, range 15.8- 
16.1 g/dl, first to third quartile 15.8-16.1 g/<u\/> < 0.05 ver- 
sus saline group), Ht (saline, 43.2 ± 5.5%, median 45.6%, 
range 33.4-46.4%, first to third quartile 39.0-46.3% ver- 
sus EPO, 58.0±2.5%, median 59.2%, range 53.4-60.1%, 
first to third quartile 55.8-59.9%, P<0.0\) and reticu- 
locyte concentrations (saline, 40.6 ± 5.2%o, median 4096a, 
range 35-49*©, first to third quartile 36.5-45.0%o; high 
dose of EPQ, 1 16.8 ±2.6^, median 117.5%*. range 113- 
1 19*0. first to third quartile 1 14-1 18.8*o, P < 0.05 ver- 
sus saline group; low dose of EPO, 95.5 ± 9.2&, median 
95.5*o, range 89-102*o, first to third quartile 89-102*o, 
P < 0.05 versus saline group) as shown in Figure 1. On 
the other hand, the high dose of CEPO treatment (CEPO 
group) neither enhanced nor reduced Hb, Ht and reticulo- 
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cyte counts (13.9 ±0.4 g/dl, median 13.8 g/dl, range 13.4- 
14.3 g/dl, first to third quartile 13.5-14.2 g/dl,/> < 0.01 ver- 
sus EPO group, 43.5 ± 1.5%, median 43.5%, range 41.4- 
46.3%, first to third quartile 42 J-43.9%, P < 0.01 versus 
EPO group and37.5 ± 3.7*#, median 37*o, range 34-429*3, 
first to third quartile 34.3-41.3*0, respectively, P<0.05 
versus EPO group), suggesting that CEPO, unlike EPO, 
does not stimulate erythropoiesis. 

We also examined the effect of EPO or CEPO treat- 
ment on serum creatinine, which reflects the renal func- 
tion of the contralateral right kidney, because obstructed 
kidneys are non-functioning kidneys. The serum creati- 
nine level was increased in saline-treated disease control 
rats (0.35 ± 0.07 mg/dl), compared with the normal rats 
with sham operation (sham ope group) (0.22 ±0.01 g/dl). 
Treatment with a high dose of EPO or CEPO did not sig- 
nificantly affect the creatinine levels (0.30 ± 0.03 g/dl and 
03 1 ±0.03 g/dl, respectively, Figure 1c), suggesting that 
EPO or CEPO has no significant effect on the contralateral 
glomerular filtration rate. 

We then checked the effect of EPO or CEPO treatment 
on the blood pressure, because treatment with EPO was 
reported to worsen systemic blood pressure [12]. Treat- 
ment with EPO (139.4 ±25.5 mmHg; »=3) or CEPO 
(1192 ±6.9 mmHg; n=*3) did not significantly increase 
the systolic blood pressure compared with untreated rats 
(126.4±9.1 mmHg; n=3, Figure Id). One of three rats 
treated with EPO, however, showed markedly elevated 
blood pressure (173/133 mmHg). Of interest is that this 
rat exhibited a wedge-shaped infarction in the kidney. 



Effects on tubular apoptosis and proliferation 
inUUOHdney 

Quantification of the number of apoptotic cells by TUNEL 
immunostaining on EPO- or CEPO-treated obstructed kid- 
neys showed an increase in TUNEL*posiuve, apoptotic 
cells among tubular epithelial cells at 1 week (average 
of TUNEL-positive cell number per 15 fields, 55 ± 16) 
in the control group (Figure 2a, d). Apoptotic cells were 
significantly decreased in the high dose of EPO (35 ± 14, 
P < 0.05, Figure 2b, d) and CEPO (35 ± 10, P < 0.05, Fig- 
ure 2c, d) groups (no significance between the EPO and 
CEPO groups). In addition, the low dose of EPO or CEPO 
also had a significant effect on the number of TUNEL- 
positive apoptotic cells (31 ±5 and 24±8, respectively, 
Figure 2d), suggesting that both EPO and CEPO have sim- 
ilar anti-apoptotic actions. 

The Ki-67 antigen is a large nuclear protein mat is prefer- 
entially expressed during the active phase of the cefl cycle 
(G|, S, Gi and hi phases), but is absent in resting cells 
(Go). To assess the regeneration of tubular epithelial cells, 
cortical Ki-67-positive tubular cells were counted at x400 
magnification in a minimum of 1 5 fields. The mean number 
of positive cell nuclei per field did not significantly differ 
among the three groups (control group, 13 ±2, high dose 
of the EPO group, 15±4, high dose of the CEPO group, 
1 7 ± 4), but EPO and CEPO showed a tendency to promote 
tubular cell proliferation. 
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£#fecft on <*tf signaling 

Working on the assumption that tissue protection is medi- 
ated via the EpoRand fcR heteroreceptors, we first exam- 
ined the expression ofEpoR and 0cR (Figure 3a). Western 
blot analysis demonstrated that the expression ofEpoR and 
flcR were low in control group obstructed kidneys, while 
the EpoR was upregulated in the EPO and CEPO groups. 
In addition, the expression of PcR was slightly increased in 
the EPO group, but strongly activated in the CEPO group. 

Intracellular EPO signaling, which is implicated in tubu- 
lar protection, was examined through the activation of Akt 
(Figure 3b, c). Western blot analysis demonstrated that 
treatment with 1000 IU of EPO or CEPO significantly in- 
creased phosphorylation of Akt at 1 week (no significance 
between the EPO and CEPO groups). Compared with the 
antUpoptotic effects (Figure 2d), treatment with 500 IU 
EPO or CEPO had a weak effect on activation of Akt, sug- 
gesting that a high dose of EPO or CEPO is necessary to 
protect the kidneys through activation of Akt 



Effects on interstitial phenotyplc changes 
in the UUO kidney 

One of the most important events associated with inter- 
stitial fibrosis, enhanced expression of otSMA. which is a 
marker of interstitial phenotypic changes, was assessed by 
inununohistochemistry and was shown to be strong in the 
interstitial area of control group obstructed kidneys (Figure 
4a). However, immunostaining for aSMA was weak in the 
high dose of the EPO (Figure 4b, d) or CEPO (Figure 4c, 
d) group obstructed kidneys (no significance between the 
EPO and CEPO groups). In contrast, treatment with 500 IU 
EPO or CEPO had no significant effect on inhibiting ctSMA 
expression (Figure 4d). 



In order to determine the effects on interstitial fibrotic 
changes in obstructed kidneys, histological analysis was 
performed using Masson's trichrome staining. The area of 
the fibrotic lesion of die cortical interstithim was deter- 
mined in the sections stained light blue. Saline-treated ob- 
structed kidneys exhibited increased tubular dilation, with 
a marked expansion of the interstithim (Figure 5a). In con- 
trast, the high dose of the EPO or CEPO group obstructed 
kidneys showed lower interstitial expansion, although they 
exhibited the same extent of tubular dilation (Figure 5b, c). 
However, a wedge-s baped infarction (Figure 5d, arrow) was 
observed in 4 of 1 1 EPO group kidneys, white no kidneys 
in the CEPO group showed infarctions. The Hb level in 
the EPO group with infarction was not higher than that in 
the EPO group without infarction (15,9 ± 1.4 g/dl versus 
16.2 ±0.5 g/dJ, respectively). 

On morphometric analysis, fibrotic areas of the inter- 
stithim were significantly increased in control group ob- 
structed kidneys (5.87 ±230%). However, fibrotic areas 
in the EPO (4.01 ± 1.86 and 3.45±0.22% in high dose 
and low dose, respectively) or CEPO (3.91 ± 1.16 and 
3.69 ±0.76% in high dose and low dose, respectively) 
group of obstructed kidneys were significantly smaller 
when compared with control group kidneys (Figure 5e) 
(no significance between the EPO and CEPO groups). 



Discussion 

In this paper, we examined whether EPO or CEPO has 
therapeutic effects on tubulointerstitial injury in a rat UUO 
model. Based on our results, both high doses of EPO and 
CEPO appear to have similar protective functions against 
tubulointerstitial injury. Previous studies have also shown 
that EPO and CEPO have a similar efficacy for tissue 
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Fte, 4. Effects of EPO or CEPO on phototype changes. Iwcntitiml phenotypic change! were assessed by immunohistochenncal staining for oSMA 
in the control group (a), high dose of EPO group (b) sod high dose of CEPO group (c). Quantification (%) of the aSMA-positive areas u shown 
(d\ Shown sre the mesa (black line), tango (vertical ban) and first to third quartiJe (box). While the Ugh dace of EPO (n^ 11) and CEPO (o = 1 1) 
significantly suppressed aSMA expression, the low dose of EPO (» « 6) sod CEPO (n =6) did not <0.0$ versus control group) (magnification! 
x40O). 



protection. When delivered in a single dose (10p,g/kg= 
2000 IU/kg), the potency of CEPO and EPO seems to be 
comparable in rat models of stroke and spinal cord compres- 
sion [19]. However, when multiple doses are administered, 
CEPO is more potent than EPO in the spinal cord compres- 
sion model [19]. Detailed dose-response studies remain to 
be carried out to compare the performance of CEPO with 
EPO; however, CEPO may be more useful than EPO. 

The key findings that support this conclusion are as 
follows: (1) fewer TUNEL-positive, apoptotic cells were 
present among the tubular epithelial cells in bom 1000 IU 
EPO- and CEPO-treated kidneys than in saline-treated kid- 
neys, but this effect was also observed in 500 IU EPO- or 
CE PO -treated kidneys; (2) treatment with 1 000 IU EPO or 
CEPO increased phosphorylation of Akt at 1 week, while 
500 IU EPO or CEPO had a weak effect on activation of 
Akt; (3) both high dose and low dose of EPO treatment 
significantly increased Hb, Ht and reticulocyte concentra- 
tions, while CEPO treatment neither enhanced nor reduced 
Hb, Ht and reticulocyte counts; (4) a wedge-shaped infarc- 
tion was observed in 4 of 1 1 EPO-treated kidneys, while no 
kidneys in CEPO-treated rats showed infarctions; (5) Hb 
levels in EPO-treated rats with infarction were not higher 
than those in EPO-treated rats without infarction, while one 
of three rats treated with EPO showed markedly elevated 
blood pressure. 

We demonstrated that high dose of EPO and CEPO 
treatments markedly suppressed obstruction-induced tubu- 
lar epithelial apoptosis and interstitial phenotypic alteration 
as assessed by otSMA expression. Renal tubular apoptosis 
in UUO has been suggested to be related to renal tissue loss 
and dysfunction [21]. Western blot analysis demonstrated 
the increase of phosphory lated Akt by EPO and CEPO treat- 
ment as previously reported [22]; activation of Akt may be 



one possible signal transduction pathway by which tubular 
apoptosis, as well as later interstitial phenotypic changes, 
is suppressed Once activated, Akt activates multiple tar- 
gets with anti-apoptotJc effects, including phosphorylation 
of Bad, Bax, caspase-9 and GSK-30, maintenance of mito- 
chondrial membrane potential and preservation of glycol- 
ysis and ATP synthesis [23]. However; this activation of 
Akt was weak in kidneys with EPO or CEPO treatment at 
500 IU This observation could be related to the fact that 
the affinity of the EpoR in tubular epithelial cells is well 
below normal plasma EPO concentrations [13]. 

Kashii et at. [24] reported that phosphatidyiinositol-3 
kinase (P13K) is activated by EPO in the EPO -dependent 
UT-7 leukaemia cell line, where it recruits Akt The PI3K- 
Akt pathway also leads to the upregulation of Bcl-xL and 
the inhibition of apoptosis in Baf-3 cells [25]. Furthermore, 
using the EPO-dependent human erythroid progenitor cell 
line, Sitva et at. [26] showed that EPO treatment maintains 
cell viability by repressing apoptosis through the upregula- 
tion of Bcl-xL, an anti-apoptotic gene of the Bcl-2 family. 
These results suggest that the upregulation of the PDK- 
Akt pathway in EPO- or CEPO-treated kidneys suppresses 
tubular epithelial apoptosis, likely due to the induction of 
anti-apoptotic genes of the Bcl-2 family. 

In this study, we found that EpoR and pcR levels were 
significantly higher in CEPO-treated kidneys than in con- 
trol group obstructed kidneys. Recently, it was reported that 
membrane proteins prepared from the rat brain, heart, liver 
or kidney were greatly enriched in the EpoR covalently 
bound in a complex with pcR and that knockout of the PcR 
fully abolished tissue protective properties of EPO or CEPO 
in the nervous system and heart [18]. Although the precise 
protein interactions of the EpoR and pcR have not been de- 
termined, CEPO-mediated upregulation of EpoR and PcR 



CEPOoaUUO 



a % /••• .. 

it / V ii " . 

v r* ■ 




9 < ..• 




ll 



I 



1 *1 



! 



i 
I 



* 



Fig. 5, Effects of EPO or CEPO on interstitial fibrotic changes. lntersti» 
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levels may contribute to the dimerization of the EpoR and 
pcR, and thereby lead to tissue protection. 

A number of important factors must be considered prior 
to clinical application of EPO for cytoprotectbn. Recently, 
the Food and Drug Administration (FDA) issued a public 
health advisory outlining new safety information, including 
revised product labeling about erythropoiesis-stimulating 
agents (ESAs). This issue arises from the findings of several 
important studies: (1) an increased number of deaths and 
of non-fatal heart attacks, strokes, heart failure and blood 
clots when ESAs were adjusted to maintain higher RBC 
levels in patients with chronic kidney failure [16,17]; (2) 
faster tumour growth when ESAs were adjusted to maintain 
lib levels above 1 2 g/dl in patients with head and neck can-, 
cer undergoing radiation therapy [14,27]; (3) earlier deaths 
and did not have fewer blood transfusions when ESAs were 
given according to the dosing recommendations for cancer 
patients receiving chemotherapy in cancer patients not re- 
ceiving chemotherapy [28]; (4) more blood clots in patients 
scheduled for orthopaedic surgery who received ESAs to 



reduce blood transfusions during and after surgery than 
those not given an ESA 

We also demonstrated mat high dose of EPO treatment in- 
creased Hb concentration, thereby inducing wedge-shaped 
infarction in 4 of 11 rats. However, Hb levels in EPO- 
treated rats with infarction were not higher than those in 
EPO-treated rats without infarction. In addition, low dose 
of EPO treatment developed similar increments of Hb as 
high dose of EPO, although we observed no infracted le- 
sion in low dose of EPO-treated kidney. As EPO admin- 
istration to rats with chronic renal failure was shown, to 
accelerate the progression of chronic renal disease, espe- 
cially in relation to the increased blood pressure [12], we 
also examined the effect of high dose of EPO or CEPO 
treatment on blood pressure. One of three rats treated with 
EPO showed markedly elevated blood pressure concomi- 
tantly with a wedge-shaped infarction in the kidney. There- 
fore, elevated blood pressure due to EPO adrninistration 
may contribute to the infarction. In addition, it is known 
that EPO is pro- thrombotic in a dose-dependent manner, 
which is partly mediated by augmented expression of P- 
and E-selectins [29]. In addition, EPO induces the produc- 
tion of young, hyper-reactive platelets [30], which is partic- 
ularly problematic for chronic administration of EPO and 
for the high doses that would be required for renoprotection 
[1331]. Clinical studies indicate that patients with chronic 
kidney diseases [16,17] and patients with cancer [28] are at 
a higher risk of adverse events with EPO. Furthermore, the 
frequency and severity of adverse effects increased when 
larger doses of EPO were used to target higher haematocrit 
levels mat were still within the normal range [32]. 

Compared to EPO, CEPO showed similar renoprotec- 
tive effects on mbulointerstitial injury in the absence of 
poryxythaernia. Recently, we also reported the therapeutic 
effects of EPO and CEPO on ischaemia-reperrusion in- 
jury, which is a transient insult on renal tubular epithelial 
cells. In the previous paper, single administration of EPO 
or CEPO (100 IU/kg) is sufficient to prevent tschaemia- 
reperfusioa injury, while a high dose of EPO or CEPO is 
necessary to prevent the kidney from ureteral obstruction 
in this paper. In the previous study, we did not observe 
a wedge-shaped infarction in EPO-treated kidneys, proba- 
bly due to the adrninistration of a low dose of EPO. The 
likely situation to require a high dose of EPO may couple 
with the dose-dependent adverse effects of EPO, especially 
thrombosis or hypertension. In this case, the engineered 
non-crylhropoietic tissue-protective EPO, such as CEPO, 
may be promising. Thus, CEPO may be able to protect the 
kidneys from tubulo interstitial injury. Further research is 
required concerning dose-ranging and pharmacodynamic 
properties after CEPO administration and related adverse 
effects using preclinical models appropriate for supporting 
potential clinical studies, but the therapeutic use of CEPO 
warrants further attention and preclinical studies. 

Co*f!fcf of inferos statement. None declared. 
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The Effect of Erythropoietin on Gentamicin- 
Induced Auditory Hair Cell Loss 

Arianne Monge, MD; Ivana Nagy, PhD; Sharouz Bonabi, MD; Stephan Schmid, MD; 
Max Gassmann, DVM, PhD; Daniel Bodmer, MD, PhD 



Ofyective/pypothesia: Mammalian auditory hair 
cells that are unable to regenerate and various 
agents, including gentamicin, can irreversibly dam- 
age the hair cell*. Erythropoietin, known as the pri- 
mary regulator of erythropoiesis, exerts also neuro- 
protective effects by binding to its receptor. We tested 
whether erythropoietin can protect the hair cells 
from gentamicin-induced damage. Study Design: This 
study localized the erythropoietin receptor in the co- 
chlea and analyzed the effect of erythropoietin on 
gentamicin-damaged hair cells in vitro. Methods: Ex- 
pression of erythropoietin receptor in the rat cochlea 
was analyzed by reverse transcriptase-polymerase 
chain reaction (RT-PCR) and immunohistochemistry. 
Protection of auditory hair cells from gentamicin was 
tested in vitro by exposing cultured rat organs of 
Corti with increasing concentrations of erythropoie- 
tin (0.1 U/mL, 1 U/mL, and 10 U/mL). Result* We de- 
tected erythropoietin and erythropoietin receptor. 
mRNA expression in the organ of Corti, spiral gan- 
glion, and stria vascularis by RT-PCR. Immunohisto- 
chemistry revealed that the erythropoietin receptor 
localizes to the outer and inner hair cells and support- 
ing cells of the organ of Corti, as well as to the spiral 
ganglion cells and the stria vascularis. Significantly 
less hair cell loss occurred in the organs of Corti that 
were pretreated with 0.1 U/mL erythropoietin as com- 
pared with samples treated with gentamicin only. 
Conclusion: Decreased hair cell loss in erythro- 
poietin-treated organs of Corti that had been exposed 
to gentamicin provides evidence for a protective ef- 
fect of erythropoietin in aminoglycoside-induced hair 
cell death. Key Words: Apoptosis, erythropoietin re- 
ceptor, inner ear, organ of Corti, protection. 
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INTRODUCTION 

Sensorineural hearing loss (HL) results from a vari- 
ety of causes, including genetic disorders, infectious dis- 
eases, overexposure to intense sound, and certain drugs 
such as gentamicin. Gentamicin, a widely used aminogly- 
coside antibiotic, causes damage to the sensory hair cells 
of the organ of Corti (OC) in the inner ear. After prolonged 
exposure to gentamicin, hair cells undergo apoptotic cell 
death. 1 Because auditory hair cells of mammals, unlike of 
fiah or birds, do not regenerate, damage to them leads to 
progressive and irreversible HL. Thus, it is of utmost 
interest to identify new substances that are able to protect 
the hair cells and prevent HL after exposure to different 
factors of cellular stress. The aim of this study was to 
investigate a possible protective effect of erythropoietin 
(Epo) on gentamicin-induced hair cell loss. Epo, a glyco- 
protein hormone that is produced in the fetal liver and 
adult kidney, promotes survival, proliferation, and differ- 
entiation of erythroid progenitor cells. 3 Binding of Epo to 
the Epo receptor (EpoR), expressed on erythroid progeni- 
tor cells, represses apoptosis and allows the final matura- 
tion of erythroid progenitor cells to erythrocytes. 2 It has 
been shown that Epo and its receptor are expressed also in 
other organs and tissues, including the inner ear, central 
nervous system, lung, heart, kidney, gastrointestinal and 
reproductive tracts. 8 - 6 In addition, Epo was documented 
to inhibit cellular apoptosis in different in vitro studies 
and to be protective in vivo in various animal models such 
as for brain, spinal cord, retina, heart, kidney, and intes- 
tine pathology. 4 * 0 Moreover the Gottangen EPO-Stroke- 
Trial, a pilot study in patients who had sustained stroke, 
revealed an enhanced outcome cf the EPO-treated pa- 
tients regarding their clinical progress and brain infarct 
size. 7 Based on the widespread protective functions of Epo, 
we tested whether Epo is able to protect the auditory hair 
cells from gentamicin-induced apoptotic cell death in 
vitro. 

MATERIALS AND METHODS 

Tissue Culture 

All animal procedures were carried out according to an 
approved animal research protocol (Kantonales Veterinaeramt, 
Zurich, Switzerland). In this study, 27 newborn and four adult 
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Sprague-Dawiey (SD) rata were used. For tissue culture, 5- to 
6-day-old SD rat pupa were used. The rata were killed, and 
cochlear microdissections were performed under a light micro- 
scope to isolate the OC, spiral ganglion, and atria vascularis. 
After isolation, all OCa were transferred to cefl culture plates and 
maintained on 0.4-mm culture plate inaerta (Millipore) in Dul- 
becco Modified Eagle Medium with 25 mol/L HEPE8 supple- 
mented with 10% fetal calf serum (all Invitrogen) and 30 U/mL 
penicillin (Sigma). To induce hair cell damage, OCa were cultured 
with 3 3 mol/L gentamicin (Invitrogen) in cell culture medium for 
24 hours. 7 OCa were pretreated for 24 hours with increasing 
amounta of recombinant, human Epo (Roche, Basel, Switzerland) 
at the final concentration of 0.1 U/mL, 1 U/mL or 10 U/mL in the 
cell culture medium* After this pretreatment, OCa were exposed 
to both gentamicin and Epo for 24 hours, 

Reverse Transcriptase-Polymerase 
Chain Reaction 

After culturing five OCa, ganglions, and atria vascularis 
from three SD rat pups, RNA was isolated as deacribed previous- 
ly Total RNA was used and the reverse transcriptase-poly- 
merase chain reaction (KT-PCR) reaction was performed using 
the RT-PCR Kit with Platinum Taq (Invitrogen) following sup- 
plied instructions. Reactions were performed in the Eppendorf 
Mastercycler under the following conditions: 30 minutes at 60*C, 
16 minutes at 94 Q C, 36 cycles of PCR (1 min at 94 # C, 1 rain at 
50*C, 1 min at 72*6), and 10 minutes at 72*C. Aliquots of the 
reaction mixture were used as template for PCR amplification of 
Epo and EpoR complementary DNA (cDNA), The following 
primer seta were used: Epo primers 6' - ATTTGCGAC A 
GTCGCGTTCT-3' (sense) and 6' -GTATCCGCTTGAAGTGTTCG- 
3' (antiaense) of the rat Epo gene and EpoR primers 6'- 
CTATGGCTOTTGCAACGCGA-3' (sense) and 6'-CCGAGGG 
CACAGGAGCTTAG-3' (antisense) of the rat EpoR gene. The Epo 
RT-PCR product was 395 base pairs long and the EpoR RT-PCR 
product was 402 base pairs long, respectively. Negative control 
reactions were performed in the absence of RNA. Products were 
separated by agarose gel electrophoresis (2%) and visualised by 
ethldium bromide staining. 

Immunohistochemistry 

Three newborn, 5-day- old and four adult, 2 -month-old SD 
rata were anesthetized and perfusions were performed as de- 
scribed previously. 10 For decalcification, the fixed cochleae of 
. adult mice were incubated in 10% EDTA containing phosphate- 
buffered saline (PBS) for 4 weeks. After deparafEnization of tha 
inner ear tissue slices, the endogenous peroxidase activity was 
blocked by incubating the samples for 10 minutes in 3% H^OJ 
methanol. Nonspecific background staining waa blocked by incu- 
bation for 30 minutes in goat serum in 0.15% BS A/PBS and 0.6% 
Triton-X (Sigma) followed by overnight incubation at 4 # C with the 
primary antibody rabbit anti EpoR (sc-69, Santa Crus Biotech- 
nology, Inc., Santa Crux, CA) diluted 1:100 in 0.16% BS A/PBS. In 
the negative controls, the primary antibody was omitted. Slices 
were washed three times in PBS, and detection was performed by 
incubation with goat antirabbit-biotinylated secondary antibody 
(ac-2040 Santa Cms Biotechnology) for 30 minutes st room ten* 
perature, followed by 30 minutes incubation with avidin-biotin- 
HRP complex (ABC-Kit, Vectaatain; Vector Laboratories). Visu- 
alization was performed with 3,3-diaminobenxidine tetra 
hydrochloride tablets (Sigma) following; the supplier's protocol. 
Slices from the same cochlea were stained with hematoxylin- 
eosin (HE) and used as controls. 

Hair Cell Counts 

For each condition, six to seven OCa obtained from three to 
four 5- to 6-day-oid SD rats were fixed in 4% paraformaldehyde 



containing PBS stained with phalloidin after the culturing pe- 
riod. The OCa were fixed in 4% paraformaldehyde containing PBS 
and permeabiUxed with 5% Triton X-100 in PBS containing 10% 
fetal calf serum. The OCs were incubated with a 1:300 dilution of 
Texas Red X-phaHoidin (Molecular Probes) for 1 hour at room 
temperature. Visualization waa performed using a fluorescence 
microscope (Olympus 1X71) and photographed with an AxioCam 
(Zeiss). Surviving outer hair cells (OHCe) were counted in a 
section corresponding to 20 inner hair cells at three different sites 
located on the basal and middle turns of each OC. 

Statistical Analysis 

Results obtained in the hair cell counting were analyzed by 
unpaired t-teat using GraphPad Prism 3.03 software (GraphPad 
Software, Inc. San Diego, CA), The unpaired *-test compares the 
means of two groups, assuming the data are sampled from Gauss- 
ian populations. Differences between groups were considered sta- 
tistically significant when the P value was less then .06. Data are 
presented as mean ± standard error of mean (SEM). 

RESULTS 

Expression of Erythropoietin and Erythropoietin 
Receptor mRNA in the Cochlea 

To investigate expression of Epo and EpoR in the 
cochlea, we performed RT-PCR analysis with isolated 
RNA from OC, ganglions, and stria vascularis from new- 
born rats, Epo and EpoR mRNA were detected in the OC, 
ganglion, and stria vascularis (Pig. 1). Total RNA from rat 
kidney served as positive control for Epo and EpoR." In 
the negative control, reaction mixtures without RNA were 



Localization of the Erythropoietin Receptor in 
the Cochlea 

Immunohistochemiatry was performed to localize the 
EpoR. Horizontal tissue sections were stained with an 
anti EpoR antibody. The positive staining control shows 
the presence of EpoR in tubule cells in the kidney of an 
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Rg. 1 . Expression of erythropoietin (Epo) and erythropoietin recep- 
tor (EpoR) mRNA In the cochlea. Detection of Epo and EpoR mRNA 
by reverse trenscrtptase^lymerase chain reaction (RT-PCR) (n the 
organ of Cortl, ganglion, and stria vascularis of newborn rats. The 
Epo RT-PCR product Is 395 base pairs long and the EpoR RT-PCR 
product ts 402 base pairs long, respectively. The marker corre- 
sponds to a length of 396 base pairs. Reaction* mixture without RNA 
(negative controls) and kidney total RNA (positive controls) were 
used. 
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adult rat (Fig. 2A). 8 Positive EpoR staining was found in 
the OC in the outer hair cells* the inner hair cells, and the 
supporting cells of newborn (Fig. 2B) and adult (Fig. 2C) 
rats. The expression of the EpoR does not appear to 
change during the development from newborn to adult 
rats. The spiral ganglion cells of newborn (data not shown) 
and adult rats (Fig. 2D) also stained positive for EpoR. 
Furthermore, the EpoR could be found also in the stria 
vascularis of newborn (data not shown) and adult rats 
(Fig. 2E). 

Effect of Erythropoietin on Gentamicin-Induced 
Hair Cell Damage 

To exclude a toxic effect of Epo, the OCs were cul- 
tured with the highest dosage of Epo used in this study (10 



U/mL) for 48 hours and 96 hours, and the number of OHCs 
was compared with the number of OHCs in untreated 
OCs. Because no difference was found (data not shown), a 
toxic effect of Epo was excluded. 

Untreated control OCs showed three orderly rows of 
OHCs and a single row of inner hair cells (IHCs) (Fig. 3A). 
Cultured OCs were exposed to 3 3 mol/L gentamicin for 24 
hours to damage the hair cells. This treatment led to a 
pronounced loss of OHCs (Fig. 3A). After exposure with 
gentamicin, a mean of 26.1 ± 4.3 surviving OHCs were 
found compared with 59.4 ± 02 OHCs in untreated OCs 
(Fig. 3B), representing a significant loss of 66.1% of OHCs 
in gentamirin-damaged OCs. 

We tested the effect of Epo on gentamicin-induced 
hair cell damage by pretreating the OCs for 24 hours with 
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Rg. 3. Effect of erythropoietin (Epo) on gentamWrvlnduced hair cell 
damage. (A) Photograph of phalloWln-Iabeled organs of CorU (OCa). 
Untreated OCa demonstrate three orderly rows of outer hair ceCa 
(OHCs) and a single row of inner hair celts. OCa cultured with 
gentamicin showed significant toss of hair celts. Treatment with 0.1 
U/mL of Epo In addition to gentamicin resulted In significant de- 
crease In hair cells loss compared wftn gentamicin treatment only. 
(B) Quantitative analysis of surviving OHCs. Histogram and bars 
represent mean ± standard error of mean. Asterisk shows a statis- 
tically significant Increase of surviving OHCs In the group treated 
with Epo in addition to gentamicin compared with gentamicin treat- 
ment only. 



increasing concentrations of Epo (0.1 U/mLi 1 U/mL, and 
10 U/mL) and exposing them for additional 24 hours to 
gentamicin and Epo. OCa incubated with 0.1 U/mL Epo in 
addition to gentamicin showed decreased OHC baa (Pig. 
3A); quantification revealed a mean of surviving OHCs of 
36.9 ± 3.0 (Pig 3B). A t-test showed aignificantiy (P * 
.0315) decreased OHC loss when compared with OHC 
number in OCa that were exposed to gentamicin only. 
However, incubation with 0,1 U/mL Epo did not lead to 
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complete protection against gentamicin-induced hair cell 
death, and a reduction in the number of surviving OHCs 
could still be observed when compared with the untreated 
control (Pig. 3A, B). After incubation with 1 U/mL of Epo, 
the mean was 34.9 ± 4.4 surviving OHCs, but this in- 
crease was not statistically significant compared with gen- 
tamicin treatment only. OCs treated with 10 U/mL of Epo 
(mean 26.5 ± 3.1 surviving OHCs) did not differ in the 
number of surviving OHCs compared with gentamicin- 
treated OCa. 

DISCUSSION 

In the present study, we show that Epo and EpoR 
mRNA are expressed in the cochlea. The EpoR was local- 
ized in the OHCs, IHCs, and supporting cells of the OC, 
the ganglion cella, and the stria vascularis. We report for 
the first time a dose-dependent protective effect of Epo on 
gentamicin-damaged hair cells in vitro. 

A crucial factor for an effect of Epo is the presence of 
the EpoR, because Epo acts by binding to its receptor. 
Recently, EpoR waa reported to be expressed in several 
cell types of the inner ear (i.e., supporting cells of the OC) 
of2-month-old guinea pigs, but EpoR expression could not 
be detected in the OHCs of the OC. 8 In the present atudy, 
we show the expression of EpoR also in the OHCs and 
IHCa of the OC of newborn and adult rata. These different 
EpoR localizations may be the result of a spedea-specific 
distribution of the EpoR in the cochlea. Furthermore, in 
human brain, a change of EpoR distribution with devel- 
opment was reported" Therefore, we examined the local- 
isation of EpoR in the cochlea of newborn and adult rats. 
However, we did not observe a different distribution of 
EpoR between newborn and adult rat cochleae. 

In this study. Epo mRNA could be detected in the OC, 
ganglion, and stria vascularis of newborn rats. However, 
another study demonstrated Epo protein expression in 
spiral ganglion neurons, but not in the OC or stria vascu- 
laris. 8 This could be explained by the feet that Epo is not 
produced locally or the production was too low to be de- 
tected. These previous findings supported our hypothesis 
' that externally applied Epo could have an effect in the 
cochlea, because the EpoR is expressed in the hair cells of 
the OC, but Epo is not present in a constant high, level. 

At present, very little is known about the effects of 
Epo related to the auditory system. Interestingly, there 
are reports demonstrating improved hearing capacity af- 
ter a dmini stration of Epo to patients with uremic deaf- 
ness, 18 - 18 but it is not dear whether these findings reflect 
better tissue oxygenation through improved oxygen sup- 
ply or a direct effect of Epo on the auditory system. Until 
now, there are no reports about a direct effect of Epo on 
auditory hair cells. Therefore, we analyzed whether Epo 
can protect the hair cella from gentamicin-induced dam- 
age in vitro. We excluded a toxic effect of Epo by itself on 
auditory hair cells. Treatment with 0.1 U/mL of Epo in 
addition to gentamicin led to a significant decrease in 
OHC loss compared with the gentamicin-treated group. 
Increased survival of OHCa was observed also for 1 U/mL 
Epo; however, the increase was not statistically signifi- 
cant Treatment with 10 U/mL Epo did not reduce hair 
cells loss. These findings suggest a tight therapeutic range 
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for Epo. That is in agreement with the literature; studies 
in neurons reported a concentration-dependent protection 
of Epo, whereas higher Epo concentrations were ineffec- 
tive; also, a toxic effect of Epo itself was excluded. 6 Our 
results suggest that 0.1 U/mL of Epo may be the optimal 
dose for promoting survival of gentamicin-induced hair 
cells loss in vitro. Although Epo enhanced hair cell sur- 
vival, it did not provide complete protection against 
gentamicin-induced ototoxicity. Future work is required 
to clarify whether concentrations lower than 6.1 U/mL of 
Epo, or shorter pretreatmenta with Epo, might provide 
higher protection against gentamicin-induced hair cell 
loss. As such, it has been reported that neuronal survival 
against NO toxicity increased when Epo pretreatment was 
shortened. 8 

Our in vitro data are limited to 5- to 6-day-old rats, 
because only OC from newborn animals can be used for 
tissue culture. However, we localized the EpoR also in 
OHC8 and IHCs in the OC of adult rats. This finding 
suggests that Epo might have a protective effect on audi- 
tory hair cells also in the adult. In vivo experiments with 
adult animals will be required to test this hypothesis in 
the future. It will be interesting to investigate als o 
whether Epo can protect the auditory hair cells from other 
types of damage such as exposure to different drugs, noise, 
or aging. 

Our results provide evidence far a protective effect of 
Epo against gentamicin-induced hair cell loss in vitro. 
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ABSTRACT 

Erythropoietin (EPO), a hematopoietic cytokine, possesses 
strong antiapoptotic, tissue-protective properties. For clinical 
applications, it is desirable to separate the hematopoietic and 
tissue-protective properties. Recently introduced carbamylated 
erythropoietin (CEPO) does not stimulate the erythropoiesis but 
retains the antiapoptotic and neuroprotective effects. We 
tested the ability of CEPO to protect cardiac tissue from toxin- 
induced and oxidative stress in vitro and ischemic damage in 
vivo and compared these effects with the effects of EPO. CEPO 
reduced by 5096 the extent of staurosporine-induced apoptosis 
in isolated rats' cardiornyocytes and increased by 25% the 
reactive oxygen species threshold for induction of the mito- 
chondria) permeability transition. In an experimental model of 
myocardial infarction induced by permanent ligation of a coro- 
nary artery in rats, similarly to EPO, a single bolus injection of 30 



Mg/kg b.wt of CEPO immediately after coronary ligation re- 
duced apoptosis in the myocardial area at risk, examined 24 h 
later, by 50%. Left ventricular remodeling (ventricular dilation) 
and functional decline (tell in ejection fraction) assessed by 
repeated echocardtography were significantly and similarly at- 
tenuated in CEPO- and EPO-treated rats. Four weeks after 
coronary ligation, the myocardial Infarction (Ml) size in CEPO- 
and EPO-treated rats was half of that in untreated coronary- 
ligated animals. Unlike EPO, CEPO had no effect on hemato- 
crit. The antiapoptotic cardioprotective effects of CEPO, shown 
by its ability to limit both post-MI left ventricular remodeling and 
the extent of the myocardial scar in the model of permanent 
coronary artery ligation in rats, demonstrate comparable po- 
tency to that of native (rwnmod tried) EPO. 



Erythropoietin (EPO) is a well known hematopoietic cyto- 
kine produced by the kidney in response to hypoxia (Youss- 
oufian et al., 1993). Recombinant human EPO (rhEPO) is 
widely used to treat the anemia related to surgery, cancer, 
and kidney failure (Jelkmann, 1994). However, EPO pos- 
sesses much broader salutary effects than merely stimula- 
tion of red blood cell production. EPO receptors, originally 
thought to be confined only to hematopoietic tissue in adults, 
were also found in other tissues, for example, neural tissue 
(for review, see Masuda et al., 1999). Many recent studies 
have demonstrated the neuroprotective effects of rhEPO in 
different animal models (Sadamoto et al., 1998; Bernaudin et 
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al., 1999; Brines et al., 2000) and in a phase II clinical trial in 
cerebral ischemia (Ehrenreich et al., 2002). 

In several recent studies, the effects of systemic adminis- 
tration of rhEPO have been extended to include cardiopro- 
tection from ischemia. The antiapoptotic effects of rhEPO on 
cardiornyocytes have been reported in tissue culture and in 
vivo animal models of ischemia-reperfusion injury (for re- 
view, see Smith et al, 2003; Bogoyevitch, 2004). The recent 
discovery of EPO receptors in cardiornyocytes of adult rat 
solidified these findings (Wright et al., 2004). 

In a rat model of myocardial ischemia using permanent 
ligation of a coronary artery, we have shown that in compar- 
ison with untreated animals, a single systemic injection of 30 
/zg/kg b.wt of rhEPO immediately after coronary artery li- 
gation reduced apoptosis in the myocardial area at risk 24 h 
later by 50%. Left ventricular remodeling was suppressed in 
rhEPO-treated rats, and 8 weeks after coronary ligation, the 



ABBREVIATIONS: EPO. erythropoietin; rhEPO, recombinant human erythropoietin; Ml, myocardial infarction; STAT, signal transducer and 
activator of transcription; PI3K, phosphatidyfinositoi 3 kinase; MPT, mrtochondrtaJ permeability transition; CEPO, carbamylated erythropoietin; LV, 
(eft ventricle; ROS, reactive oxygen species; TMRM, tetiamemylrtodamine methyl ester: SH, sham (S); EDV, encMfestoIic volume; ESV, 
end-systoGc volume; EF, ejection fraction; TUNEL, terminal deoxyTiudeotkVtransferase-medlated dUTP nick-end labeUng; ANOVA, analysis of 
variance. 
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myocardial infarct (MI) scar was 4-fold smaller than in un- 
treated coronary artery-ligated animals (Moon et al., 2003). 

A number of signaling pathways reportedly have been in- 
volved in the mechanism of EPO-induced cardioprotection. 
Jak-2/STAT signaling was implicated as well as PI3K signal- 
ing (Parsa et al., 2003), protein kinase C, p38, and p42/44 
mitogen-activated protein kinase activation, affecting sar- 
colemmal and mitochondrial potassium channels, K ATP (Shi 
et al, 2004), and Akt signaling (Calvillo et al., 2003; Parsa et 
al., 2003). We have recently reported that the end effector of 
cardioprotection by rhEPO is the permeability transition 
pore complex: rhEPO limits the induction of mitochondrial 
permeability transition (MPT) in cardiomyocytes and, thus, 
promotes their survival during adverse conditions (Ju- 
haszova et al., 2004). 

Thus, a number of convincing preclinical experiments sug- 
gest that systemic administration of rhEPO presents a new 
therapeutic approach to limit myocardial damage and subse- 
quent heart remodeling after ischemia (Maiese et al., 2005). 
However, the classic property of EPO to activate production 
of red blood cells and thrombocytes is the weakness of such 
therapy, limiting it to a single application and, even as such, 
might be contraindicated in some patients. The attendant 
elevation of hematocrit associated with repeated rhEPO 
treatment may have an adverse effect on the outcome of MI 
(Spiess, 1999). 

A modification of EPO by subjecting it to carbamylation 
has recently been introduced for tissue protection (Leist et 
al., 2004). This carbamylated EPO (CEPO) completely lacks 
bioactivity in hematopoiesis bioassays and in vivo animal 
testing with repeated high-dose injection but effectively pro- 
tects isolated neural cells from induced apoptosis. Moreover, 
in in vivo experiments, CEPO does not bind to EPO receptors 
(Leist et al., 2004). Further experiments established that 
CEPCs pharmacodynamic parameters are similar to that of 
rhEPO, and it mimics rhEPO efficacy in experimental models 
of brain ischemia, spinal cord and nerve damage, and auto- 
immune encephalomyelitis (Leist et al., 2004). In a tempo- 
rary coronary ligation (ischemia-reperfusion model) in the 
rat (Fiordaliso et al., 2005), CEPO was shown to be cardio- 
protective in preventing increases in LV end-diastolic pres- 
sure, LV wall stress in systole and diastole, and improving 
the LV response to dobutamine. Protection against stauro- 
spo line-induced cardiomyocyte apoptosis in vitro was also 
observed. 

The objective of this study is to establish the relationship 
between the efficacy of CEPO as a cardioprotective compound 
in vitro and in vivo and the mechanism of protection operat- 
ing through induction of the MPT independently of its effects 
on hematopoiesis. We hypothesized that CEPO would dem- 
onstrate antiapoptotic properties in isolated cardiomyocytes 
undergoing hypoxia/reoxygenation stress and enhance their 
survival by limiting induction of the MPT. We also hypothe- 
sized that similar to EPO, systemic administration of a single 
dose of CEPO immediately after coronary ligation in rats 
would 1) reduce apoptosis in the area of myocardium at risk 
(area at risk (AAR)] 24 h later, 2) would attenuate the ensu- 
ing left ventricular remodeling and functional decline in the 
following weeks, and 3) would result in a smaller MI size at 
the end of 4 weeks of observation. 



Materials and Methods 

Materials 

CEPO was produced by Warren Pharmaceuticals, Inc. (Ossining, 
NY) by subjecting rhEPO (Dragon Pharmaceutical, Vancouver, BC, 
Canada) to carbamylation— the process by which all lysines were 
transformed to homoritruUine (Leist et at., 2004). The dosages of 
CEPO used in the in vivo experiments were equivalent to EPO in 
terms of weight; Le., 3000 lU/kg b.wt EPO and 30 jigfeg b.wt CEPO. 

L In Vitro Protocols 

Left Ventricular Myocytes Isolation for Experiments on 
Cell Culture* Left ventricular cardiomyocytes were isolated from 
adult Sprague-Dawley rats (250-300 g\ Taconic Farms, German- 
town, NY) in a perfusion chamber using Adumyts (Cellutron, High- 
land Park, NJ) proprietary buffers. Twenty minutes before sacrifice, 
animals were given 5000 VJkg heparin (Sigma-Aldrich, St Louis, 
MO). Hearts were isolated rapidly, perfused through the aorta, and 
gassed with 85% O a and 15% N a at 37*C. Myocytes were then 
isolated by mechanical dissociation, separated by differential centrif- 
ugation, and plated on laminin <Sigma-Aldrich)-ooated dishes (Cal- 
villo et al, 2003). After 1 h, the medium was changed, and CEPO or 
EPO (100 ngrail) or control buffer was added to the myocytes 30 min 
before induction of apoptosis by staurosporine (0.1 #lM; Sigma- 
Aldrich). After 16-h incubation, myocytes were washed with ice-cold 
Hanks' solution (Invitrogen, Carlsbad, CA), fixed for 20 min in 10% 
MeOH-free formaldehyde (Polysciences, Warrington, PA) at 4*C, 
washed in ice-cold Hanks' solution, stored in -20°C 70% EtOH 
overnight, and processed for in situ terminal deoxynucleotidyi trans- 
ferase assay (Roche, Minneapolis, MN) for detection of apoptosis. 

Left Ventricular Myocyte* Isolation for Mitochondrial Per- 
meability Transition Experiments* Single ventricular myocytes 
were isolated via a previously described technique with minor 
modifications (Capogrossi et al, 1986). Briefly, 2- to 4-month-old 
Sprague-Dawley rats were anesthetized with sodium pentobarbital, 
and hearts were rapidly excised and perfused with 40 ml of nomi- 
nally Ca a *-free bicarbonate buffer gassed with 95% O a to 5% CO a at 
37'C. The composition of buffer was the following: 116.4 mM NaCl, 
5.4 mM KC1, UmM MgS0 4 , 1.2 mM NaH a P0 4 , 5.6 mM glucose, and 
26.2 mM NaHCOa, pH 7.4. Hearts were continuously perfused with 
bicarbonate buffer containing 0.1% collagenase type B, 0.04 mg/mj 
protease XVI, and 0.1% bovine serum albumin type V for 4 min, and 
50 /xM Ca 1 * was added. After 10-min perfusion, the left ventricle was 
minced and incubated in bicarbonate buffer containing 100 jiM Ca a * 
for 10 min at 37'C. Myocytes were then resus ponded in HEPES 
buffer with gradually increasing Ca a+ concentration up to 1 mM and 
kept at room temperature until use. The composition of the HEPES 
buffer was the following: 137 mM NaCl, 4.9 mM KC1, 1.2 mM MgS0 4 , 
1.2 mM NaHaP0 4 , 15 mM glucose, 20 mM HEPES, and 1.0 mM 
CaClt (adjusted pH to 7.4). Cardiac myocytes viability was typically 
70to80%. 

Confocal Microscopy and Determination of MPT-ROS 
Threshold. Experiments were conducted as described previously 
(Juhaszova et al., 2004), using a method to quantify the ROS sus- 
ceptibility for the induction of MPT in individual mitochondria 
within cardiac myocytes (Zorov et al, 2000). Briefly, isolated cardiac 
myocytes were exposed in vitro to conditions that mimic oxidative 
stress by repetitive laser scanning of a row of mitochondria in a 
myocyte loaded with tetramethylrhodamine methyl ester (TMRM; 
see Fig. 2). This results in incremental, additive exposure of only the 
laser-exposed area to the photodynamic production of ROS and con- 
sequent MPT induction. The occurrence of MPT is clearly identified 
by the immediate dissipation of a*. Myocytes were loaded with 125 
nM TMRM for at least 1 h at room temperature and imaged with an 
LSM-510 inverted confocal microscope (Carl Zeiss Inc., Jena, Ger- 
many) (Fig. 2A). Line scan images at 2 Hz were recorded from 
mitochondria arrayed along individual myofibrils with excitation at 
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568 nm and collecting emission at >580 nm, using a Zeiss Plan- 
Apochromat 63XA.4 numerical aperture oil immersion objective, 
and the confocal pinhole was set to obtain spatial resolutions of 0.4 
pirn in the horizontal plane and 1 $an in the axial dimension. Images 
were processed by MetaMorph software (Universal Imaging, Down- 
ingtown, PA). The ROS threshold for MPT induction (Wr) was 
measured as the average time necessary to induce MPT in a row 
consisting of -25 mitochondria (Fig. 2B). Experiments were carried 
out at 23 °C. The cardioprotective action of Insulin, which normally 
results in an enhancement of the MPT- ROS threshold by -35 to 40% 
(Juhaszova et al., 2004\ was used as a positive control in the present 
experiments. In parallel experiments, cells were exposed to CEPO 
(10, 100, or 250 ag/ml for 20 vain prior to measurements). 
Wortmannin (50 pM) was also applied in certain protocols. 

II. In Vivo Experiments 

Animals and Experimental Design. Eighty male Sprague* 
Dawley rats, 2 months of age, were housed and studied in conform- 
ance with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals, Manual 3040-2 (1909), with institutional 
Animal Care and Use Committee approval. After baseline echocar- 
diography, animals were randomly divided into coronary artery- 
li gated (MI; n = 54) or sham (SH- n » 16) groups and, under 
inhalation anesthesia by isoflurane, subjected to ligation of the left 
anterior descending coronary artery to induce myocardial infarction 
(MI) or to a sham operation, as previously described (Moon et al, 
2003). Animals in the MI group were either treated with a single 
systemic injection of CEPO in =» 18) or EPO 0i « 18) or remained 
untreated in « 18). Both CEPO and EPO, 30 /igftg b.wt, were given 
i.v. in 0.3 ml of saline immediately (<6 min) after surgery. Untreated 
animals received a single i.v. injection of 0.3 ml of saline at the same 
time. SH animals wars either injected with CEPO (n = 8), or with 
saline in ~ 8) in a dose and manner similar to MI animals Therefore, 
the experimental design consisted of five groups of rats: sham, not 
treated (SH-SALINE); sham, treated with CEPO (SH-CEPO); MI, 
not treated (MI-SALINE); and MI, treated with CEPO (MI-CEPO), 
and MI, treated with EPO (MI-EPO). Six animals from each of the 
MI-CEPO, MI-EPO, and the MI-SALINE groups were killed 24 h 
after surgery, and their hearts were harvested far appropriate im- 
munohistochemical staining to assess the early effect of CEPO treat- 
ment on the extent of post-MI apoptoeis. In the remainder of the 
operated animals, LV function was assessed by echocardiography 1 
and 4 weeks after surgery, at which time all animals were killed 
using a bolus injection of 4 ml of 0.5 M KC1 under general anesthesia 
with sodium pentobarbital (50 mg/kg b.wt, i.p.), and their hearts 
were harvested for histological analyses. 

Echocardiography. Cardiac function was assessed by echocar- 
diography (HP Sonos 6500 equipped with a 12-MHs phase array 
linear transducer, Si 2, allowing a 150-mm/a maximal sweep rate; 
Hewlett Packard, Palo Alto, CA) under general anesthesia with 
pentobarbital sodium (30 mgfeg b.wt, i.p.) as described previously 
(Moon et al., 2003). Briefly, parasternal long-axis views were ob- 
tained and recorded, ensuring that the mitral and aortic valves and 
the apex were visualized. Endocardial area tracings using the 
leading-edge method were performed in the two-dimensional 
mode (short- and long-axis views) from digital images captured on 
cineloop. LV end-diastolic volume (EDV) and LV end-systolic volume 
(ESV) were calculated by a modified Simpson's method from the 
long-axis view. LV ejection fraction (EF %) was derived as EF = 
(EDV - ESWEDV x 100. All measurements were made by one 
observer who was blinded with respect to the identity of the tracings. 
All measurements were averaged over three to five consecutive car- 
diac cycles. The reproducibility of measurements was assessed at 
baselines by two sets of measurements in 10 randomly selected rats. 
The repeated measure variability did not exceed ±5%. 

Infarct Size Measurement. Hearts were excised and placed in 
10% phosphate-buffered formalin. The fixed tissue was then embed- 
ded in paraffin and serially cut from the apex to the level just below 
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the coronary artery ligation site; transverse 6-um-tbick sections 
were cut at 600- jun distances such that 10 to 12 sections were 
obtained from each heart. Sections were stained with hematoxylin/ 
eosin and azan, and morphological analysis was performed by com- 
puterized video imaging using an Axioplan microscope (Zeiss) and 
NIH IMAGE software (Bethesda, MD). The myocardial infarct size of 
each section was calculated as the ratio of infarction area to the area 
of total LV section (area method) and as the average of ratios of the 
outer infarction length to the outer LV circumference and the inner 
infarction length to the inner LV drcumference (perimeter method). 
The infarct size of all sections for both area and perimeter methods 
was averaged and expressed as the percentage of LV for each heart 

LV Posterior Wall Thickness Measurement The thickness of 
LV posterior wall was measured and averaged in each LV section 
where the myocardial infarct size was measured. 

Assessment of Apoptosis in Hearts, Twenty-four hours after 
coronary artery ligation or sham operation, under general anesthesia 
with pentobarbital sodium (50 mg/kg b.wt, i.p.), 2 ml of 5% Evans 
blue was injected into the right ventricular chamber via the right 
jugular vein. The rats were killed immediately by a bolus injection of 
4 ml of 0.6 M KC1, and the hearts were removed, rapidly rinsed in 
phosphate-buffered saline, and snap-frozen in liquid nitrogen. Se- 
rial, 6-um-thick cryostat sections were prepared. Processing of sub- 
sequent sections alternated between tetrazoHum chloride and termi- 
nal deoxynudeotidyltransferaae-mediated dUTP nick-end labeling 
(TUNEL) staining. The parts unstained by Evans blue containing a 
combination of dead tissue and underperfused but viable myocar- 
dium (AAR) were incubated for 20 min in tetrazoHum chloride and 
then transferred into 4% paraformaldehyde. In all resulting sections, 
the AAR of myocardial tissue was stained in red, whereas dead tissue 
remained white (Bialik et al., 1997). The AAR on every other section 
was further subjected to TUNEL staining for detection of apoptotic 
cells by the nick-end labeling method using a commercially available 
kit (Roche) as directed by the manufacturer. Slides were examined 
by light microscopy. In each section, the number of cannomyocytee 
and the number of TUNE Lr positive cardiomyocyte nuclei were 
counted and totaled in 10 randomly selected fields of the AAR at 
X400 amplification. Only nuclei that were clearly located in cardio- 
myocytes were counted. 

Statistical Analyses. Sonographic indices of morpheme trie and 
functional assessment at each time point were expressed as a per- 
centage of change from the baseline (measurements taken before 
surgery). All values were corrected for body mass. Statistical signif- 
icance of differences among groups with regard to changes of these 
indices over time was determined using ANOVA far repeated mea- 
surements, specifical ly noting group x time interactions. A post hoc 
pair comparison between MI-SALINE, MI-CEPO, and MI-EPO 
groups was conducted for the 4 th -week data. Statistical significance 
of differences between groups with regard to infarct size and apopto- 
sis was determined using a one-way ANOVA following by a post hoc 
pair comparison. The same approach was used in vitro experiments. 
Statistical significance was assumed at p < 0.05. 

Results 

In Vitro Experiments 

Apoptosis in Isolated Cardiomyocytee. After 16 h of 
staurosporine exposure, 78% of untreated myocytes were 
apoptotic In the presence of 100 ng/ml rhEPO or CEPO, the 
number of apoptotic myocytes was reduced by 77 and 87%, 
respectively (Kg. 1). 

Assessment of MPT-ROS Threshold. Figure 2C pre- 
sents the cardioprotective effects of CEPO in isolated cardiac 
myocytes as indexed by the ROS threshold for MPT induction 
< Wp). CEPO exposure at 10, 100, and 250 ng/ml resulted in 
increased MPT-ROS threshold by 20 to 25% above the un- 
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Fig. 1. The antiapoptotic effect of rhEPO and CEPO on isolated rat 
cardiornyocytea. After a 30-min in vitro exposure of isolated rat ventric- 
ular cardiomyocytes to 100 ngfcnl CEPO or EPO, apoptosis was induced 
by staurosporine. After 16-h incubation, myocytes were processed for in 
situ terminal deoxynucleotidyi transferase assay for detection of apopto- 
sis. PBS, phosphate-buffered saline. *, p < 0.05 versus staurosporine 
(post hoc comparison). 

treated control. This protective effect was completely blocked 
by 60 nM wortmannin. For comparison, insulin, used as a 
positive control, increased t MPT by 35%. 

In Vivo Experiments 

Mortality and Final Number of Animals. Three ani- 
mals died among coronary artery-Hgated CEPO-treated an- 
imals, four among coronary artery-ligated EPO-treated 
animals, and two among untreated rats. One animal died in 
the sham-operated group. No mortality was registered after 
the first 24 h. Thus, the final number of animala per group in 
24-h study was: MI-SALINE, six; MI-CEPO, six; and MI- 
EPO, six. Tlie final number of animals per group in 4-week 
study was SH-SALINE, seven; SH-CEPO, eight; MI-SA- 
LINE, 10; MI-CEPO, nine; and MI-EPO, eight. 

The Effect of CEPO and EPO on Hematocrit. One 
week after MI induction, the hematocrit values increased on 



average by 5.1% in EPO-treated rats (p < 0.05) but did not 
change in CEPO-treated animals (-0.7%, p > 0.05). 

Echocardiography. At baseline, before coronary artery 
ligation or sham operation, echocardiographic indices of LV 
volumes and EF are presented in Table 1. There were no 
statistical differences at baseline among coronary artery- 
ligated or sham-operated animals untreated or treated with 
CEPO or EPO in EDV, ESV, or EF. Average changes of these 
parameters from baseline during 4 weeks of observation are 
illustrated in Fig. 3. Treatment of sham-operated animals 
with CEPO (S-CEPO) did not affect the direction or magni- 
tude of changes during the 4 weeks after surgery relative to 
untreated animals (S-S ALINE). In nontreated ligated ani- 
mals (MI-SALINE), there was a gradual enlargement of LV 
over time; by week 4, this averaged a 26% and approximately 
140% increase of baseline LV volumes at end-diastole and 
end-systole, respectively. The EF in MI-SALINE animals fell 
by more than 50% by week 4. The magnitude and pattern of 
changes of all indices in MI-SALINE group were significantly 
different from those of both sham-operated groups (the 
ANOVA-derived group X time interaction, p < 0.05). 

The pattern and magnitude of changes reflecting the ex- 
tent of LV remodeling and functional decline were less pro- 
nounced in both the MI-CEPO and MI-EPO groups than in 
MI-SALINE group. In fact, contrary to the MI-SALINE 
group, the evaluation of LV remodeling (ANOVA-derived 
group X time interaction) showed that there were no statis- 
tical differences between MI-CEPO or MI-EPO and sham 
groups for all three presented indices. Moreover, EF and ESV 
were significantly different between either MI-CEPO or MI- 
EPO and MI-SALINE. Post hoc paired comparisons also re- 
vealed that both MI-CEPO and MI-EPO groups statistically 
differed at week 4 from MI-SALINE group with respect to EF 
and ESV: ESV at week 4 was significantly smaller and EF 
was significantly higher in both MI-CEPO and MI-EPO 
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Fig. 2. Cellular mechanism of cardioprotection. A and B, methodology used to determine the ROS threshold of MPT induction, the index of 
cardioprotectjon. Mitochondria in isolated rat cardiac myocytes stained with TMRM (A) were laser line-scanned until MPT induction (B). The average 
time required for the standardized photoproduction of ROS to cause MPT induction (t^) is taken as the index of the ROS threshold in that cell (see 
text and references, Zorov et ai, 2000; Juhasxova et at, 2004). C, CEPO reduces the MPT susceptibility to ROS (t^) via PI3K-dependent signaling 
tn cardiac myocytes. Isolated cells were exposed to 30 nM insulin (as the positive control) or to 10, 100, or 250 ngftnl CEPO for 20 min prior tot- 
measurement (see text). Wortmannin (50 nM) was used to inhibit PI3K. »,p< 0.01 versus control. 
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TABLE 1 



Baseline (week 0) echocardiography indices of LV volumes and EF (mean £ S.E.) 





SH- SALINE (n « 7) 


SH-CEPO (n » 8) 


MI-SALINE Oi =» 10) 


MI-CEPO in = 9) 


MJ-BPO(n = 8) 


EDV(ml) 
ESV(ml) 
EF(%) 


0.35 £ 0.02 
0.H £ 0.004 
59.5 £ 0.9 


0.34 £ 0.01 
0.14 £0.008 
58.5 £ 1.2 


0.35 £ 0.01 
0.14 £ 0.005 
60.6 £ 0.8 


0.33 £ 0.01 
0.13 £ 0.004 
61.4 £ 0.4 


0.33 £ 0.01 
0.13 £0.006 
60.0 £ L3 



Signlflcant(p<0.05) 
group x time hn&efsctlofi: 

t- MVGPOvs 




MI size 



W1 W4 

Fig. 3. Changes in echocardiography indices of LV volume and function 
(ejection fraction) duri ng 4 weeks after coronary artery ligation (MD or 
sham (S) operation in CEPO-, EPO-, and saline-treated (SALINE) rats. 
All indices are derived from images obtained from the long-axis view in 
two-dim ensiona l mode echo, adjusted for body mass, and expressed as the 
percentage of change from the baseline values (see Table 1). Statistically 
significant (p < 0.05) group x time interactions (AN OVA for repeated 
measurements) are indicated by the following: *, among all groups; %, 
MI-SALINE versus MI-CEPO; and t, MI-SALINE versus MI-EPO. », 
significantly different (p < 0.06) in post hoc comparison between MI- 
SALINE and MI-CEPO (or MI-EPO) groups at week 4. 



groups in comparison with MI-SALINE. In any of presented 
indices, the MI-CEPO and MI-EPO groups did not differ from 
each other either in the pattern of changes over time or at 
any specific time point. 

Infarct Size. The average infarct size, expressed as a 
percentage of LV, in MI-SALINE, MI-CEPO, and MI-EPO 
group is presented in Fig. 4. Regardless of the technique used 
to estimate the MI size, perimeter, or area calculation, the 
average MI size in either MI-CEPO or MI-EPO groups was 
half of that in MI-SALINE group (p < 0.05). 

Posterior Wall Thickness, The thickness of LV posterior 
wall measured histologically at the same sections the MI size 
was measured was similar in MI-EPO and MI-CEPO groups 




MtSAUW MKEPOHKEPO 

Fig. 4. MI size 4 weeks after ligation of a coronary artery in untreated 
rats and rats treated with CEPOor EPO. *,p < 0.05 post hoc comparison, 

(0.89 £ 0.03 mm) and not different from that in MI-SALINE 
group (0.84 £ 0.02 mm, p > 0.05). 

Determination of Extent of Apoptosis within the 
Area at Risk. Figure 6, A and B, illustrates the TUNEL 
staining at 24 h after coronary artery ligation in representa- 
tive histological slides of comparable AARs in hearts from 
MI-SALINE and MI-CEPO groups, respectively. More apo- 
ptotic nuclei are clearly observed in the untreated heart (Fig. 
5A). Figure 5C shows the average number of apoptotic nuclei 
in comparison with a total number of counted nuclei in the 
AAR of untreated hearts and hearts treated with EPO or 
CEPO. Only 17 ± 1.2% of nuclei were TUNEL-positive in the 
MI-CEPO group and 15.3 ± 1.2% in the MI-EPO group, 
compared with 33.6 ± 0.8% in MI-SALINE group (p < 0.01) 
(Fig. 5D). 

Discussion 

CEPO is a recently introduced, engineered cytokine that 
was designed to retain the tissue-protective (antiapoptotic) 
characteristics of EPO but not trigger erythropoiesis (Leist et 
al., 2004). CEPO's pharmacokinetic parameters are very sim- 
ilar to those of EPO, but even injected daily for 4 weeks in 
doses as high as 200 ng/kg b.wt it foils to increase hemato- 
crit in mice (Leist et al., 2004). However, CEPO's pharmaco- 
dynamics is remarkably different from that of EPO, because 
CEPO does not signal the classic EPO receptor (Leist et al., 
2004). Nevertheless, extensive testing demonstrated strong 
neuroprotective properties of CEPO that are comparable 
with that of EPO. Antiapoptotic effects of CEPO have been 
shown in vitro on isolated neural cells and in vivo in cerebral 
infarct and spinal injury models in rats (Leist et al, 2004). 
Similar tissue protective properties of EPO and CEPO and 
the lack of hemopoietic properties of CEPO led to the recent 
suggestion that the tissue protection by EPO is mediated 
through a heteroreceptor complex comprising both the EPO 
receptor and a common 0 receptor subunit, also known as 
CD131 (Brines et al, 2004). 

We (Moon et al, 2003) and others (see review in 
Bogoyevitch, 2004) have reported the cardioprotective prop- 
erties of EPO in different experimental models of myocardial 
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Fig. 5. Representative examples of TUNEL staining 
in the AAR of myocardium 24 h after coronary artery 
ligation in untreated rats (A) and in rats treated with 
CEPO (B) (magnification X400). C, the average num- 
ber of counted and TUNEL- positive nuclei in the area 
at risk in untreated MI rets and rats treated with 
CEPO or EPO. D, the percentage of TUNEL-posithre 
nuclei in the AAR of the hearts from coronary-ligated 
rats. *, p < 0.05 versus MI-SALINE. 



ischemia. Our experiments have shown that a single 3000 
TV/kg systemic injection of EPO alter permanent ligation of a 
coronary artery in rat resulted 24 h later in a 60% reduction 
of apoptosis in the myocardial area at risk. LV remodeling at 
8 weeks was significantly attenuated in treated animals, and 
the MI size was only 15 to 25% of that in untreated animals 
(Moon et al, 2003). Recently, using a temporary ligation 
model of myocardial ischemia, cardioprotection using CEPO 
was also demonstrated (Piordaliso et aL, 2005). In the 
present study, we showed in a permanent ligation model 
that, as in an experiment with EPO (Moon et al, 2003), a 
single dose of CEPO (30 fjgfcg b.wt. i.v.) immediately after 
permanent coronary artery ligation in rat reduced the apo- 
ptosis in the AAR 24 h later by 50%. During 4 weeks of 
post-MI observation, the LV remodeling and functional de- 
cline were similarly and significantly attenuated in both 
CEPO- and EPO-treated animals. The MI scar at the end of 
4 weeks was significantly smaller in EPO- or CEPO-treated 
rats than in untreated animals. The LV posterior wall thick- 
ness was not different from that of untreated animal s. How- 
ever, with such a significant LV dilation and obvious poste- 
rior wall thinning in untreated animals, and with such a 
remarkable reduction in LV and MI size in treated animals, 
one would expect the posterior wall would be significantly 
thicker in treated animals. The lack of such thickness either 
suggests the possibility that both EPO and CEPO therapy 
suppress the myocardial hypertrophy or that 4-week obser- 
vation is not sufficient to reveal the difference in posterior 
wall thickness. 

The results of in vitro experiments on the culture of iso- 
lated cardiomyocytes also were similar for CEPO and EPO: 
CEPO added to culture protected the myocytes from apopto- 
sis induced by staurosporine, and the effect was comparable 
with the effect of EPO. This experiment confirms a direct 
effect of CEPO on cardiomyocytes rather than an indirect 
effect, which could not be ruled out in the in vivo experi- 
ments. The remarkable similarities of outcomes of experi- 
ments in which permanent coronary ligation in rats followed 
by a single injection of EPO or CEPO suggest that both 



compounds probably engage the same mechanism of cardio- 
protection, which is, at least in part, antiapoptotic This 
conclusion is supported by experiments with TUNEL stain- 
ing in cardiomyocyte cultures or in myocardial tissue 24 h 
after coronary ligation as well as by experiments measuring 
the MRT-ROS threshold of single cardiomyocytes— a final 
common pathway for antiapoptotic signaling. The particular 
signaling pathway involved in EPO-CEPO-induced cardio- 
protection remains less certain. In different studies of EPO 
effects, many possible antiapoptotic signaling pathways have 
been reported: Jak-2/STAT, PI3K, protein kinase C, p38> 
p42/44 mitogen-activated protein kinase activation, K ATP , 
and Akt (Brines et al., 2000; Calvillo et al., 2003; Parsa et al., 
2003; Ghezzi and Brines, 2004; Shi et al., 2004). Introduction 
of CEPO allowed us to narrow the possibilities. Because 
CEPO does not bind to classic EPO receptors (Leist et al., 
2004) its effects would not necessarily involve transcription 
factors STAT-5 or Jak2, a downstream kinase directly acti- 
vated upon ligand binding to EPO receptors. On the other 
hand, the finding that the PI3-kinase inhibitor wortmannin 
completely blocked the beneficial effect of CEPO on MPT- 
ROS threshold suggests that the PI3-kinase si gnaling path- 
way is definitely involved in CEPO-mediated protection 
against ischemia, similar to that observed with rhEPO (Ju- 
haszova et al, 2004). The very effect of CEPO on MPT-ROS 
threshold gives additional weight to the idea that both EPO 
and CEPO exert their tissue-protective properties not 
through affinity to classic homodimeric EPO receptors but 
rather to heteromeric receptor complexes containing at least 
one EPO receptor subnnit (Brines et al., 2004; Leist et al., 
2004). 

In summary, the demonstration of strong antiapoptotic 
effects of CEPO on ischemic myocardium, comparable with 
that of EPO, in conjunction with CEPCs lack of hematopoi- 
etic activity suggests the possibility of its use in treatment of 
myocardial infarction or myocardial ischemia in situations 
when repeated dosing is clinically desirable or the use of EPO 
is prohibitive due to its procoagulant and prothrombotic ef- 
fects (Stohlawetz et el, 2000). Moreover, since death of car- 
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diac myocytes due to apoptosis ia now considered a major 
causative factor in evolution of chronic heart failure to end- 
stage dilated cardiomyopathy (Wencker et al., 2003), CEPO 
might be suitable for a long-term treatment of the late LV 
remodeling. 
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Abstract 

Erythropoietin (EPO) mediates a wide range of neuroprotective activities, including amelioration of disease and neuroinflammation in rat 
models of EAE. However, optimum dosing parameters are currently unknown. In the present study, we used a chronic EAE model induced in 
mice by immunization with the myelin oligodendrocyte glycoprotein peptide (MOG„ 3S ) to compare the effect of EPO given with different 
treatment schedules. EPO was administered intraperitoneally at 0.5. 5.0 or 50 ug/kg three times weekly starting from day 3 after 
immunization (preventive schedule), at the onset of clinical disease (therapeutic schedule) or 15 days after the onset of symptoms (late 
therapeutic schedule). Trie results show that EPO is effective even when given after the appearance of clinical signs of EAE, but with a 
reduced efficacy compared to the preventative schedule. To determine whether this effect requires the homodimeric EPO receptor (EPOR 2 >- 
mediated hematopoietic effect of EPO. we studied the effect of carbamylated EPO (CEPO) that does not bind EPOR 2 . CEPO, ameliorated 
EAE without changing the hemoglobin concentration. Another non-erythropoietic derivative. asialoEPO was also effective. Both EPO and 
CEPO equivalently decreased the EAE-associaied production of TNF-a, IL-lf* and IL-IRa in the spinal cord, and IFN-7 by peripheral 
lymphocytes, indicating that their action involves targeting neuroinflammation. The lowest dosage tested appeared fully effective. The 
possibility to dissociate the anti-neuroinflammatory action of EPO from its hematopoietic action, which may cause undesired side effects in 
non-anemic patients, present new avenues to the therapy of multiple sclerosis. 
£> 2005 Elsevier B.V. All rights reserved. 
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1. Introduction 

In addition to its hemopoietic effects, erythropoietin 
(EPO) possesses neuroprotective and neurotrophic proper- 
ties (Brines ami Cerami, 2005; Ghezzi and Brines, 2004; 
Jclkmann and Wagner. 2004; Juul. 2004). Our observations 
(Brines et al.. 2000) and those of others (Juul et al., 2004) 
have shown that EPO crosses the intact blood brain barrier 
to provide protection from injury. The systemic administra- 
tion of EPO mediates a wide range of neuroprotective 
actions in animal models of brain traumatic injury (Brines et 
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aL 2000), cerebral ischemia (C hang et al.. 2005; Villa et ah, 
2003: Wang et al.. 2004). of spinal cord injury and ischemia 
(Cclik et al., 2002; Gorio et aL 2002), and diabetic 
neuropathy (Bianchi ct al. 2004). Using a rat model of 
cerebral ischemia, we observed that the neuroprotective 
action is paralleled by a marked anti-neuroinflammatory 
effect, with inhibition of cytokine production and glial 
activation/proliferation (Villa et al., 2003). 

Multiple sclerosis (MS) is a chronic autoimmune disease 
of the central nervous system (CNS) associated with 
demy el i nation, inflammation and loss of axons. Several 
cytokines have shown some efficacy in reducing the 
severity of experimental autoimmune encephalomyelitis 
(EAE), an animal model for MS, including anti-inflamma- 
tory cytokines and inhibitors of IL-I, TNF, or IFN-7 
(reviewed in Martino et al, 2002; Steinman. 2003; Stein- 
man. 2004), but none have so far proven clinically effective. 

The observation that EPO is effective in models of 
diseases possessing common neuroinflammatory compo- 
nents prompted us to study its effectiveness in an acute EAE 
model in Lewis rats, induced by immunization against 
myelin basic protein and we observed a reduction of 
inflammation and amelioration of clinical signs with EPO 
(Agnelto et al, 2002; Brines et al., 2000). Others have 
confirmed these findings in different EAE models including 
optic neuritis (Diem et al., 2005; Li et al., 2004; Saltier et 
aL. 2004). Since optimum dosing, particularly whether EPO 
is effective only when given before the development of 
clinical symptoms (i.e., a preventive schedule) is unknown, 
we evaluated the potential utility of administration after the 
development of clinical disease. 

The present study examines the effects of EPO in a 
chronic model of EAE using C57BL/6 mice immunized 
with MOG35.55 (Amor et al., 1990; Furlan et al.. 2001). 
This model, unlike the Lewis rat model where the disease is 
acute and lasts only a few days, allows a comparison of the 
effectiveness of EPO when it is given 3 days after 
immunization, before disease onset, as we have done in 
the acute model (Agnello et al., 2002; Brines et al.. 2000), or 
beginning late after its onset, to mimic clinically relevant 
settings. 

In this model, we also studied the effect of EPO on spinal 
cord inflammation by use of immunohistochemical markers 
such as CDIlb, GFAP, and TNF-a. We also measured 
expression of TNF-a, IL-I, and IL-IRa in the spinal cord, 
and studied the antigen-specific or concanavalin A-induced 
T cell proliferation, and production of I FN -7 by peripheral 
lymphocytes using ELISPOT and ELISA assays. 

A major issue in the use of EPO as neuroprotective, anti- 
neuroinflammatory drug, is represented by its erythrodifTer- 
entiating action that represent a potential cause of several 
side effects, including vascular perfusion detects ( Natal i et 
al.. 2005). In mice the increase in hematocrit induced by 
EPO causes vasoconstriction and cardiac dysfunction due to 
NO depletion and endothelin activation (Quaschning ot al., 
2003: Ruschit/ka et al.. 2000). In animals and humans, EPO 



can lead to hypertension (Group. 1991; Lim. 1991; Varet et 
al.. 1490) or thrombasis (reviewed in Bokemeyer et al., 
2004). 

We have successfully identified derivatives of EPO. 
including asialoEPO (Erbayraktar et al.. 2003) and carba- 
mylated EPO (CEPO) (Leist et al.. 2004). which do not 
increase the hematocrit but retain neuroprotective actions in 
animal models of cerebral ischemia, spinal cord injury, and 
diabetic neuropathy. We studied their effect in EAE not only 
because these could represent drugs that lack the undesired 
effects of EPO but also to investigate whether protection by 
EPO is associated with an increase in red blood cells. 

Furthermore, since others have hypothesized that the 
neuroprotective effects of EPO are mediated through a 
mechanism implicating dimerization of the classical EPO 
receptor (EPOR) (Maiese et al., 2005), we have studied the 
effects on the clinical expression and CNS pathology of 
EAE of CEPO, a tissue-protective cytokine which we have 
previously shown does not bind the classical, dimeric EPOR 
(Leist et al., 2004). 

Since both EPO and its n on -erythropoietic derivatives are 
effective in ameliorating EAE when administered using 
either a preventive or a therapeutic treatment schedule, this 
effect cannot be associated with an increase in hematocrit. 
Decreased production of inflammatory cytokines in the 
spinal cord and lymphocytes suggest that inflammation is a 
primary target of tissue-protective cytokines. 

2. Materials and methods 

2.1. EAE induction 

EAE was induced in C57BIV6 female mice (6-8 weeks 
of age). Mice were obtained from Charles River (Calco, 
Italy) and housed in specific pathogen-free conditions, 
allowing access to food and water ad libitum. Procedures 
involving animals and their care were conducted in 
conformity with the institutional guidelines in compliance 
with national (D.L. n. 1 16, G.U., suppl. 40, Feb. 18, 1992) 
and international laws and policies (EU Council Directive 
86/609, OJ L 358, I, Dec. 12, 1987; Guide for the Care and 
Use of Laboratory Animals, U.S. National Research 
Council, 1996). The protocols for the proposed investigation 
were reviewed and approved by the Animal Care and Use 
Committees (IACUC) of the Istituto di Ricerche Farm- 
acologiche "Mario Negri* 1 . EAE was induced by subcuta- 
neous immunization in the flanks with a total of 200 ug of 
M(X}i5_s5 (Multiple Peptide Systems, San Diego, CA. 
USA) in incomplete Freund's adjuvant (Sigma, St. Louis. 
MO, USA) supplemented with 8 mg/m! of Mycobacterium 
tuberculosis (strain H37RA: Difco. Detroit, MI. USA). 
Mice received 500 ng of pertussin toxin (Sigma) i.v. at the 
time of immunization and 48 h later. Weight and clinical 
score were recorded daily (0=healthy, I * flaccid tail, 
2 - ataxia, and/or hind-limbs paresis, or slow righting reflex. 
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3 ^paralysis of hind limb and/or paresis of forelimbs. 
4 *= paraparesis of fore limb, 5- moribund or death). The 
food pellets and the drinking water were placed on Petri 
plates on the floor of the cage to enable sick mice to eat and 
drink. 

2.2. Experimental design and treatments 

EPO (recombinant human EPO) was obtained from 
Dragon Pharmaceuticals, Vancouver, BC, Canada. Asia- 
loEPO and CEPO were prepared as described (Erbayraktar 
ei qL 2003; Leist et a]., 2004) and kindly supplied by 
Warren Pharmaceuticals and H. Lundbeck A/S, Copenha- 
gen. For the preventive schedule, mice were treated intra- 
peritoneal ly (i.p.) with EPO or its derivatives at the 
indicated dose, three times a week starting on day 3 after 
immunization. In the therapeutic treatment schedule, treat- 
ment was started at the exordium of EAE (normally between 
days 10 and 12 after immunization). In some experiments, 
we also administered the drug using a late therapeutic 
schedule beginning 15 days after the onset of disease. The 
experimental schedule is schematized in Hg. I. 

2.3. Hematocrit 

Blood was collected in heparin ized capillary tubes and 
centrifuged at 2500 xg for 20 min at 4 °C and hematocrit 
was determined. 

2.4. Immunohistochemistry 

Mice were anesthetized with Equithesin (1% pheno* 
barbitol/4% (vol/vol.) chloral hydrate, 30 ul/10 g, i.p.) 
and transcardially perfused with 100 ml saline followed by 
250 ml of sodium phosphate buffered 4% paraformalde- 
hyde solution. Spinal cords were rapidly removed, fixed in 
sodium phosphate-buffered 4% paraformaldehyde solution 
for 2 h, transferred to 20% sucrose solution in PBS 
overnight, then in 30% sucrose solution until they sank 
and finally frozen in 2-methylbutane at -45 °C. Sections 
(30 urn) were cut on a cryostat at -20 °C in the 
transverse plane through the lumbar spinal cord and every 



fifth section selected for histochemistry against different 
antigens or hematoxylin -eosin staining. Free floating 
sections were processed for immunoreactivity both with 
anti-GFAP mouse monoclonal antibody (1:250; Immuno- 
logical Sciences) and with anti-COIIb (MRC OX-42) 
mouse monoclonal antibody 0:50; Serotec, UK), or anti- 
TNF (1:50; HyCult Biotechnology b.v, Uden. The Nether- 
lands) according to the protocols described, respectively, 
by llouser et al. <I9*4) and the manufacturer's protocol. 
All sections were mounted for light microscopy in saline 
on coated slides, dehydrated through graded alcohol, fixed 
in xylene and cover-slipped using DPX mountant (BDH, 
Poole, UK). Adjacent sections were stained with hema- 
toxylin and eosin as described (Gill et at., 1974). Slides 
were analyzed under light microscopy in a blinded 
fashion. 

2.5. Cytokine expression in the spinal cord 

Total RNA was isolated from tissue samples according to 
the acid guanidium -phenol - chloroform method (Chomc- 
zynski and Sacchi. 1987). The samples were digested by a 
denaturing solution containing 4 M guanidium thiocyanate, 
25 mM sodium citrate, 0.5% sarcosyl, 0.1 M 2-mercaptoe- 
thanol, pH 7.0. The lysate was extracted with a mixture of 
0.1 m sodium acetate, pH 4.0/phenol/chloroform (1:10:2) 
and isoamyl alcohol (49:1), and nucleic acids were 
precipitated with equal volumes of isopropyl alcohol. Total 
RNA was quantified by spectrophotometer and an aliquot 
was loaded onto 1% agarose gel to visually assess for RNA 
integrity. Before performing RNA reverse transcription to 
cDN A, an aliquot of each sample (1-2 ug) was treated with 
1-2 U/ul of DNase 1 (Invitrogen, S. Giuliano Milanese, 
Italy) to eliminate genomic DNA contaminants. DNase- 
treated total RNA ( I -2 ug) from each sample was used as a 
substrate for single-stranded cDNA synthesis using murine 
leukemia virus reverse transcriptase (MMLV-RT, 50 U/ul; 
Perkin-Elmer, Emeryville, CA, USA), random hexamers 
(2.5 nM), and deoxyNTP mix (1.25 mM each) in a final 
volume of 20 ul. The mixture was incubated at room 
temperature for 10 min, then incubation was performed in a 
thermocycler (Omn-E; Hybaid, Ashford, UK) at 42 °C for 
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15 min, at 99 °C for 5 min. and at 5 °C for 5 min. Real-time 
quantitative PCR was carried out using the 5700 SOS 
(Applied Biosystems, Monza, Italy), exploiting SYBR 
GREEN as fluorescent dye. The primers used were the 
following: IL-lfr forward primer, TAACCTGCTGGTGTG- 
TGACGTT; IL-HV reverse primer. CGGAGCCTGTAGT- 
GCAGTTGT; IL-lRa. forward primer, TGGGAAAAGA- 
CCCTGCAAGA; IL-I Ra, reverse primer. AAGGTCAATA- 
GGCACCATGTCTATC; TNF-a, forward primer. ATGCT- 
GGGACAGTGACCTGG; TNF-a, reverse primer, 
CCTTGATGGTGGTGCATGAG; J3-actin, forward primer. 
TGTCC ACC1TCC AGC AG ATGT: lectin, reverse primer, 
CGG ACTCGTC ATACTCCTGCTT. 

2.6. Cytokine production from spleen ceils 

Mononuclear cell suspensions were prepared from 
spleens removed from mice treated with EPO. CEPO and 
controls, and cultured at 3.5 x I0 6 cells/ml in a 24- well 
plates with different concentration of MOG (1, 3, and 10 
uM) or with 4 ug/ml of Concanavalin A (Sigma-Aldrich, 
Italy). Culture media consisted of RPMM640 containing 
1% penicillin- streptomycin, 1% L-glutamine, 1% sodium 
pyruvate, 1% nonessential amino acids (all from Euroclone 
Celbio, Milan, Italy), 2x10* 5 M 2-Mercaptoethanol (2- 
ME, BDH. Milan Italy) and 10% FCS (Sigma-Aldrich. 
Milan, Italy). Supematants were collected at different time 
points for measurements of cytokine levels: 24 h for IL-2, 
48 h for IFN-7, and 96 h for IL-4 and IL-10. Cytokine 
concentrations were determined in supematants by using 
specific enzyme-linked immunosorbent assay (EL1SA) with 
capture and detection antibodies for the specific cytokines 
according to the manufacturer's protocols (BD OptElA 
EL ISA Set, Pharmingen, San Diego, CA, USA). Standard 
curves for each cytokines were generated with recombinant 
mouse cytokines and cytokine levels in supematants were 
determined by interpolation with the appropriate standard 
curve. Detection limits for the different cytokines were: 31.3 
pg/ml for IFN-7 and IL-10, 7.8 pg/ml for IL^ and 3.1 pg/ml 
for IL-2. Means and standard error mean (S.E.M.) were 
determined using data from individual animals tested in 
duplicates. 

2. 7. Cytokine production in spleen cells by ELISPOT 

IFN-7 and IL-10 production in response to MOG35.55 
peptide or Concanavalin A (ConA, positive control) was 
assessed by ELISPOT assays. Mononuclear cell suspension 
were prepared from spleens aseptically removed from 
vehicle and EPO- or CEPO-treated mice. IFN-7 and IL-10 
ELISPOT kits (from R&D Systems, Space Import/Export, 
Milan, Italy) were used following manufacturer's instruc- 
tion. Briefly, quadruplicate cultures of 3 x 10 5 cells were 
seeded with antigens (10 uM MOG,<_ M and 4 ug/ml 
ConA) in RPMM640 medium containing 1% penicillin- 
streptomycin, 1% L-glutamine. 1% sodium pyruvate, \% 



nonessential amino acids (alt from Euroclone Celbio, 
Milan, Italy), 2xl0~ ? M 2-mercaptoethanol (2-ME, 
BDH, Milan Italy) and 10% FCS (Sigma-Aldrich, Milan, 
Italy). Cells were incubated at 37 °C in 5% CO : . and 
harvested after 24 h for IFN-7 detection and 48 h for IL-10 
detection. After several washes, biotinylated secondary 
antibodies specific for mouse IFN-7 or IL-10 were added 
to the welts; after overnight incubation, alkaline-phospha- 
tase conjugated to streptavidin was added for 2 h. and 
revealed by substrate solution (BCIP/NBT). The number of 
specific spots, representing an individual cluster of 
cytokine-secreting cells, was determined using an auto- 
mated ELISPOT reader (AID. Strassberg, Germany) with 
set parameters for size, intensity and gradient. Background 
mean values (cells cultured in medium alone) were 
subtracted from ConA on MOG induced mean spot 
numbers for each mouse. 

2.8. Statistical analysis 

EAE weight and scores and PCR results were compared 
using the Mann- Witney nonparametric test or Student's 1 
test for unpaired data or by covariance analysis according to 
the indications in table and figure legends. 

3. Results 

J. /. EPO treatment ameliorates EAE pathology 

' Mice were injected intraperitoneally with EPO (50 ug/kg 
bw) either at day 3 post-immunization (preventive schedule) 
or at the onset of clinical disease (therapeutic schedule) as 
outlined in Fig. L As shown in Fig. 2, EPO effectively 
prevented and/or ameliorated the disease both in terms of 
disease severity (Fig. 2A) and of reduced body weight loss 
(Fig. 2B). In addition, EPO administered according to the 
preventive schedule significantly delayed the disease onset 
(14.7*1.5 vs. ll.7±0.4 of vehicle-treated mice, P<0.05). 
In the experiments shown in Fig. 2. we discontinued EPO 
treatment on day 39 and monitored the mice for a further 
period of 20 days. The cumulative scores at day 39 were 
68.1 =6.0. 27.7=6.2 and 53.4±2.3 for vehicle treated, EPO 
preventive and EPO therapeutic groups, respectively and 
both schedule of treatment were statistically significantly 
different from vehicle-treated mice. On day 60. mice treated 
with EPO, both according to the preventive and the 
therapeutic schedule still showed a lower disease score 
when compared to vehicle-treated mice (vehicle* 3. 00 =0.2, 
EPO preventive^ 1.17=0.3, and EPO therapeutic^ 
1. 56 ±0.06). This indicates that protection persisted for at 
least 20 days after the discontinuation of EPO. The clinical 
parameters of EAE in these experiments are summarized in 
Table I. 

In untreated mice, on day 39 after immunization, the 
hematocrit was 47.3 ±2.2% (range =42.2 -49.2), while in 
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Fig. 2. Preveniivc or therapeutic EPO treatment ameliorates EAE. Mice 
were immunized with MOC and injected with vehicle or EPO (50 ug>*g 
i.p.) starting at day 3 following EAE induction (preventive schedule) or at 
symptom onset (therapeutic schedule). In panel A, disease score is reported 
only from day of onset. Data are the meanxS.E.M., number of animals per 
group was: vehicle~9; EPO preventive "9; EPO therapeutic-' 8. *P<0.05. 
••P<0.01 by Mann Whitney test 



EPCMreated mice it was 38.1 + 11.4% (range =2 1.5-52.6) 
and 60.0±6.4% (range 49.0- 69.2) for preventive and 
therapeutic schedule, respectively. It must be noted that 
mice treated according to the preventive schedule received 
EPO for a period of 39 days, while in those treated using the 
therapeutic schedule EPO was given for a total of 29 days, 
and the more prolonged treatment resulted in a decrease in 

Table 1 

Clinical EAE parameters in mice treated wiih EPO starting at day 3 after 
immunization (preventive schedule) or EPO and CEPO darting at symptom 
onset (therapeutic schedule) 



Treatment 


Mean 


AUC 


No. of mice 


No. of mice 




maximum 


(days 11-60) 


with score 


with score 




score 




>2 


-3 


Vehicle 


3.2*0.3 


123.1 -10.9 


7.'Q 




EPO 50.0 ug/Vg 


I.R*0.2* 


50.9rl0.4 b 


3/9 




preventive 










EPO 500ug*g 


2.5:0* 


«8.0i2.8 d 


1* 




therapeutic 










CEPO 5.0 ug/Vg 


2.3*0.2* 


75.3111.8* 


3/9 


0/9 


CEPO 50.0 uglcg 


2.4 t 0.2 


76.0 r 10.7* 


3/7 


U/7 



Data are mean *.S.E M. Values arc calculated at day 60. 
4 /»<0.0l vs. EAE vehicle-treated mice, by Mann- Whitney tesi. 

* /> O0| vs vehicle by A NOVA. 

* P--.0.05 vs. EAE vehicle-treated mice, by Mann -Whitney test. 
a P< 0.05 vs. vehicle by A NOVA. 



the hematocrit in some of the mice, due to the formation of 
neutralizing autoantibodies against human recombinant 
EPO. By day 60 the hematocrit in EPO-treated mice was 
40.0±10.3% (range-23. 8-50.4) and 48.1 ±3.1% 
(range =42.6- 50.7) for preventive and therapeutic schedule, 
respectively. Again, it can be seen that the longer treatment 
in the preventive schedule resulted in a paradoxical decrease 
in the hematocrit. We did not, however, observe a 
significant correlation between the hematocrit and the 
EAE score (not shown). 

Finally, we tested EPO using a late therapeutic treatment 
schedule, where EPO was administered from day 27 after 
immunization, i.e. about 15 days after disease onset. The 
results are shown in Fig. 3. Although the disease score did 
not significantly differ when comparing untreated and EPO- 
treated mice, using the Mann- Whitney test to compare the 
two curves, the overall status of the animals was improved 
in the EPO group, as it is evident from the body weight 
curves reported in Fig. 3B, where at the end of the . 
experiment, on day 46, the body weight loss was 
significantly less in mice treated with 50.0 ug/kg of EPO 
(untreated EAE mice weighted 52% of healthy controls; 
EPO-treated EAE mice weighted 78% of controls). 
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Fig. 3 Therapeutic efficacy of late EPO treatment on disease score (A) and 
body weight (R>. Mice were immunized with MOO and injected with 
vehicle or EPO (50 ugtg i.p.) starting at day 27 following EAE induction 
(late therapeutic schedule). Data are the mean^S.B.M . n~7 {n-*$ in the 
case of healthy mice). *P<0.05 vs. respective v eh Kle -treated group by 
Student's f-tcsl. 
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In vehicle-treated EAE mice, at sacrifice, the hemato- 
crit was 53.4-3.5% (ranges 46.3 -57.!), while it was 
70.6:4.2% (range»65.6-74.4) and 53.5±4.0% (range= 
49.4-60.5) in EPO-treated mice for 50.0 and 0.5 ng/lcg 
doses, respectively. 

J. 2. Non~enthropoietic EPO derivatives are effective in EAE 

We first tested CEPO using the therapeutic schedule 
(administration starting at the onset of the disease) at two 
doses (50 and 5 fig/kg bw). As shown in Fig. 4A, CEPO. at 
both doses, significantly improved the course of the disease. 
As previously observed for EPO. the effect of CEPO was 
also evident on the body weight of the animals (Fig. 4B). 
Also in the case of CEPO, the therapeutic effect was 
maintained for at least 20 days after treatment was 
interrupted at day 39. Table I summarizes the clinical 
features of the disease in the experiments reported in Fig. 4. 

In EAE-untreated mice, at day 39 the hematocrit was 
47.3*2.2% (range=42.2-49.2), white it was 49.2±4.5% 
(range-44.4- 53.2), and 44.9±2.6% (range- 42.2 -47.5) in 
CEPO-treated mice for 50.0 and 5.0 ug/kg, respectively. By 
day 60, after treatment discontinuation, the hematocrit was 
48.7±4.7% <range-39.6-52.l) and 47.1 ±1.8% (range- 
43.9-49.6) in CEPO-treated mice for 50 and 5 ug/kg bw, 
respectively. 
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DAYS AFTER IMMUNIZATION 

Fig. 4. Preventive or therapeutic CEPO treatment ameliorates EAE. Mice 
were immunized with MOC and injected with vehicle or CEPO (5.0 or 50.0 
Mgrtg > p ) starting at symptoms onset {therapeutic schedule*, In panel A. 
disease score is reported only from day of onset. Data are ihe mean * 
S E.M.. number of animals per group was: vehicle* 9; CEPO 50.0 M g' 
kg«7: CEPO 5.0 nglcg-4. •P- 0.05. ♦♦/>< 0.0I by Mann-Wh.tney test. 
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Fig. 5. Therapeutic efficacy of late CEPO treatment on disease score (A) 
and body weight (B). Mice were immunized with MOG, s .„ and injected 
with vehicle or CEPO (50.0 or 0.5 ugrtcg i.p.) starting at day 27 following 
EAE induction (late therapeutic schedule). Data are the mean t S.E.M., *=7 
(n«5 in the case of healthy mice). •P>0.0$ vs. respective vehicle-Heated 
group by Student's /-test 

When CEPO treatment was started late after disease 
onset (day 27), the clinical score was improved (Fig. 5A), an 
effect which was reflected by a significantly reduced body 
weight loss (Fig. 5B). The clinical parameters of EAE mice 
treated with CEPO (Fig. 5) or EPO (Fig. 2) according to this 
late treatment schedule are reported in Table 2. It can be 
seen that, as observed in the experiments from Table I, the 
effect of CEPO was more prominent in terms of reducing 
the number of mice with the most severe (>3) clinical score. 

Table2 



Clinical EAE parameters in mice treated with EPO or CEPO starting 15 
days after onset (late therapeutic schedule) 



Treatment 


Score at AUC 


Day of 


No. of 


No. of 




.sacrifice (days 


maximal 


mice with 


mice with 




(day 46) 27 - 46) 


score 


score >2 


score >3 


Vehicle 


30x0.8 26.612.3 


36 


7/7 


5/7 


EPO 0.5 ug*g 


2.4:0.5 22.6 r 2.5 


29 


5/7 


J/7 


EPO 50.0 ng*g 


2.4x0.9 22.7*2.6 


29 


7/7 


3/7 


CEPO 0 5 ug/kg 


2.U0.8 19.9 :2.4~ 


27 


6/7 


1/7 


CEPO 50.0 ug/kg 


2 2 1 0.6 21.0 ► 2.4* 


27 


5/7 


2/7 



Data arc mean'S.E.M. or the data shown in Fi^s. U anj 5A. 
♦ P -.0.05 vs. vehicle by ANOVA. 
- f -0.01 vs. vehicle by ANOVA. 
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Fig. 6. Efficacy of asialoEPO on disease score (A) and body weight (B). 
Mice were immunized with MOG„_„ and injected with vehicle or 
asialoEPO (50 ugrtcg bw i.p.) starting ot day 3 following EAE induction and 
continuing three times weekly (preventive schedule). In panel A, disease 
score is reported only from day of onset Data are the mean tS.E.M. « * 10. 
•P<0.05. ••/»<0.0I by Mann-Whitney test. 

In this experiment, in untreated EAE mice, the hematocrit at 
sacrifice was 53.4±3.5% (range =46.3 -57.1), while it was 
56.0±2.5% (range-52.6-59.5) and 53.1 ±2.4% (range« 
49.7-56.7) in CEPO-treated mice for 50.0 and 0.5 ug/kg, 
respectively. 

We also tested the effect of asialoEPO using the 
preventive treatment schedule and the same dose used for 
most of the experiments described above (50 ug/kg bw. 

Table 3 

Cytokine production from spleen eclb: EL [SPOT measurement 



i.p.. starting from day 3 after immunization). As shown in 
Fiy. 6, asialoEPO significantly protected from EAE, 
reducing the disease severity, delaying its onset and 
reducing body weight loss, in a way comparable to EPO. 
In these experiments, the hematocrit was determined at 
sacrifice, on day 24. and found not to be altered by 
asialoEPO (vehicle: 43.2 = 3.8, range -3 7.4 -48.8; asialo- 
EPO: 4I.8±4.9, range =37.2 -50.9). 

3.3. EPO and CEPO administration reduces IFN-y produc- 
tion by MOG-stimulated spleen ceils 

For these experiments, mice were treated with EPO or 
CEPO at the doses of 0.5 or 50.0 ug/kg i.p. starting from 
day 27 after immunization ("late therapeutic** schedule), 
and treatment was continued until day 60. when mice (4 
animals per group) were sacrificed. Splenocytes were 
prepared and stimulated with different concentrations of 
MOGj5_ 55 or Con A and cytokines were measured in 
supernatants at the times indicated in Materials and 
methods. Although there was a trend towards a reduced 
1FN-7 production in splenocytes, this was not statistically 
significant. 

We therefore evaluated IFN-7 and IL-10 production in 
the same cultures by ELISPOT. As shown in Table 3, using 
the late therapeutic schedule, all treatments of EPO and 
CEPO significandy reduced the number of IFN--y-secreting 
cells, both in ConA- and MOG-stimulated cells. However 
the reduction was more evident in MOG-stimulated cells 
(mean change =-67.3%) than in ConA-stimulated cells 
(mean change=- 19.3%). On the contrary, a statistically 
significant reduction in the number of IL-10-secreting cells 
was observed only in MOG J5 -55-stimulated cells. The same 
table shows that healthy, non-EAE mice, had a normal 
response to ConA but did not respond to the antigen. 

3.4. EPO diminishes the inflammatory response 

Immunohistochemical analysis of the lumbar spinal cord 
sections were done in untreated healthy mice and in EAE 
mice treated with vehicle or EPO using the preventive 
treatment schedule. Anti-GFAP- and anti-CD I lb-stained 



Treatment 


IFN--y-secrctmg cells 




. n.-10-secreting cells 






ConA 


MOG 


ConA 


MOG 


Vehicle 

hPO 0.5 ug/kg 
EPO 50.0 Mg-1(g 
CEPO 0.5 M g.\g 
CEPO 50.0ug*g 
Non-EAE controls 


654 ©c I2.I 
5S3.4t3*.:-» 
533.8:42.1* 
499.7 1 27.3* 
526.lt 41. I* 
5I9.2H0 1 


162.1 H9.9 
45.4; II. 7** 
61.4; 5.4" 
5«.3x4.**» 
54.8- 14.8- 
3.Xr|.| 


196ft 1 16.2 
143.4^24 8 
145. It 39 J 
204.3?. 21.9 
159.6 i28.l 
I62.5i24.2 


117.1 r 11 6 
53.1-23.9- 
84.6 z 24.4 
36.8 1 20.6* 
49.8 = 18.4— 
24.5 ► 8.5 


Data are mcan:S.E.M. 










♦ P^O.02 by Student's /-test vs. vehicle. 
*• P- 0.000 1 by Student's Mest vs. vehicle. 
••• P<0.05 by Student's Mesi vs. vehicle. 
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Fig. 7, EPO decreases EAE-iraluced TMF-a intmunosuining in the spinal cord. Mice were created with or without EPO (50 pg/kg i.p. three limes weekly from 
day 3) and sacrificed on day 29. Representative sections obtained from the lumbar spina! cord from healthy mice (A, E», EAE mice treated with PBS ( B. FV. EAE 
mice treated with EPO (C, G) and EAE mice treated with CEPO (D. H). Upper panels (A- D\ scale bar" 500 pm; lower panels (E - H). scale bar* 125 urn. 



sections of lumbar spinal cord showed a weak increase in 
glial immunoreacuvity that was not affected by EPO (not 
shown). A well-defined immunoreactivity for TNF-a can be 
seen in EAE mice, almost exclusively in the anterior horn 
neurons (Fig. 7). Treatment with EPO and, to a lesser extent, 
with CEPO reduced both the number of TNF-a -positive 
neurones, and their immunoreactivity. 

We also measured the mRNA expression for IL-ip, IL- 
IRa and TNF-a in the spinal cord of mice receiving EPO or 
CEPO according to the preventive schedule and at two 
different doses (50.0 and 0.5 ug/kg). As shown in Table 4, 
expression of all three cytokines was greatly induced by 
KAE, compared to naive mice. Both EPO and CEPO 
diminished cytokine expression, and this effect was greater 
at the highest doses tested. 



4. Discussion 

The present study shows that: I) EPO is effective in a 
chronic model of EAE; 2) A protective effect, although 
diminished compared to the preventative schedule is 
observed also when the drug is given late after the induction 
of the disease and lasts for at least 3 weeks after interruption 
of treatment; 3) The EPO effect is independent of an 
increase in hematocrit, as non- erythropoietic variants 
asialoEPO and CEPO are also active: 4) this effect is also 
observed with CEPO that does not bind the classical EPOR; 
5) Action of EPO and CEPO is associated with a decrease in 

Table 4 



EAE treatment group 


IL-1H 


IL-IRa 


TNF-a 


Non«EAE controls 


l°K;75 


98-33 


175-44 


Vehicle 


797 : 93 


1007 -325 


563-125 


EPO 0.5 M g*g 


626 : 266 


463-220 


350 s 12! 


EPO 50.0 pg/kg 


2X6 : 1 12 # 


IX9«.7X« 


141 -37* 


CEPO 0.5 pg/kg 


600:211 


697-421 


541 -159 


CEPO 50.0 pglcg 


344 .W 


220:74* 


340 : 93 



Materials and methods) : S E.M. in ' 3-4). 
• P*iM w vehicle. 



the production of inflammatory cytokines in the spinal cord 
and peripheral lymphocytes. 

It is important to note that in most experiments, treatment 
with EPO or CEPO for periods longer than one month 
induced anaemia in -50% of the animals (data not shown) 
because administration of human proteins to mice induces 
formation of neutralizing antibodies recognizing also 
endogenous EPO, a well-known phenomenon with EPO 
(Casarfevall et aL 2002). Moreover, this effect was more 
pronounced with mice treated according to the preventive 
schedule, since they received EPO for 24 days longer than 
with the late therapeutic schedule, and 10 days longer than 
with the therapeutic schedule. In spite of this, the 
preventative schedule provided superior protection from 
EAE. 

A main finding of this study is that non-erythropoietic 
variants of EPO that do not increase the hematocrit are 
active in this model of EAE. The two EPO derivatives used 
are representative of two different strategies to dissociate 
erythropoietic and neuroprotective action. AsialoEPO, like 
EPO, binds dimeric EPOR and induces erythroid differen- 
tiation in vitro (Erbayraktar et aL 2003); its activity at the 
molecular level is therefore identical to EPO and it lacks an 
effect on the hematocrit in vivo due to its very short half-life 
(Erbayraktar et aL 2003: Fukuda et aL IW>: Imai et aL 
I9<K». 

On the other hand, CEPO lacks the ability to bind EPOR. 
both on soluble Fc-EPOR fusion constructs and on 
haematopoietic cells and does not activate classical 
EPOR-mediated signalling mechanisms (Lcist ct aL, 
2004). It can therefore be safely assumed that CEPO. and 
possibly EPO, act through different receptor systems. For 
instance, we have recently shown that CEPO requires the 
common preceptor (CDI3I). the signalling subunit of the 
receptors for IL-3, IL-5 and GM-CSF to be effective in 
models of spinal cord injury (Brines et aL 2004). 

In fact, EPOR-mediated neuroprotection, in terms of 
protection from neuronal apoptosis in vitro, was suggested 
to proceed though activation of NF-kB (Druicaylioelu and 
Lipton. 2001). This cannot be the case in EAe! as NF-kB 
induces transcription of inflammatory genes, including 
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TNF-a, rather than decreasing them as we observed in this 
and other (Agnelto el al., 2002) EAE models, as well as in 
cerebral ischemia (Villa et al.. 2003). In fact, inhibition of 
NF-kB. using knock-out mice (Milliard el al., 1999. 2002) or 
using chemical (Pahan and Schmid. 20(H)) or peptide 
(Dasgupla et al., 2004) inhibitors of NF-kB activation, is 
protective in EAE. 

Clearly, the complexity of EAE makes it difficult identify 
a single mechanism of action for CEPO. However, 
inflammation is clearly a common pathogenic component 
of the chronic (EAE, diabetic neuropathy) and acute (spinal 
cord injury, cerebral ischemia) models where CEPO has 
shown efficacy (Leist et al., 2004). As shown here, EPO 
reduced the spinal cord expression of TNF-a, a key 
molecule in the development of this disease (reviewed in 
Stetnman, J Exp Med 2003). Expression of IL-1[S was also 
reduced by EPO or CEPO treatments, and peripheral 
lymphocytes from mice treated with EPO or CEPO 
produced less IFN-7 and more IL-10, an important 
suppressor cytokine and a major regulatory agent in 
inflammatory response. On the other hand, unlike 1FN-0 
(Nicoletti ec al., 1996), EPO does not increase spinal cord 
expression of IL-IRa whose induction, in this context, 
probably reflects a response to the inflammatory process. 
Taken together, these results indicate that EPO importantly 
reduces the inflammatory milieu in EAE. 

Another possible mechanism of action of these com- 
pounds is via promotion of repair mechanisms. Neurorepair, 
including remyelination, is an important physiological 
process and a therapeutic strategy (Martino, 2004), as 
indicated by the effectiveness of stem cell therapy in EAE 
(Pluchino et al., 2003). EPO has been reported to promote 
angiogenesis, neurogenesis as well as differentiation of 
oligodendrocytes (Shingo et al., 2001; Sugawa et al., 2002: 
Wang et al.. 2004). This could be an important effect of 
EPO in the chronic model of EAE used here. In feet, a 
recent report has indicated that EPO increases oligodendro- 
cyte progenitor cell proliferation in a different model of 
EAE, induced in SJL/J mice by immunization with myelin 
proteolipid protein peptide 139-151 (Zhang et al., 2005) 
and augments BDNF expression in the CNS in this and 
other experimental conditions (Viviani et al.. 2005; Zhang et 
al.. 2005). On the other hand, it should be noted that, while 
an augmented oligodendrogenesis might be important in 
chronic EAE models, this can hardly contribute to the effect 
of EPO in acute EAE, as in Lewis rats the disease recovers 
very rapidly (Agnello d a!., 2002). Since EPO has neuro- 
trophic activity {Ghezzi and Brines. 2004). it is important to 
note that other growth factors, including nerve growth factor 
(Miccra et al., 2000), ciliary neurotrophic factor (Linker et 
al.. 2002), insulin-like growth factor-! (Yao et al., 1995), 
and granulocyte colony-stimulating factor (Lock et al., 
2002). arc effective in models of EAE. Jn a previous work, 
we noted that CEPO lacks its tissue-protective activity in the 
absence of the common H-receptor, the signal-transducing 
subunit shared by the granulocyte- macrophage colony- 



stimulating factor (GM-CSF), and the IL-3 and IL-5 
receptors. However, GM-CSF was reported to worsen, 
rather than protecting from, EAE (Marusic et al.. 2002; 
McQualter et al.. 2001), indicating that the mere engage- 
ment of this common JVchain does not explain the 
protective action of CEPO. 

Finally, it is important to consider EPO in the context of 
the pathogenesis of MS. EPO transcription is regulated by 
the hypoxia inducible factor- 1 (HIF-I) and a hypoxia-like 
metabolic injury occurs in MS (Lassmann. 2003). More 
recently it was shown that up-rcguiation of neuroprotective 
pathways against hypoxia are activated in MS brains 
(Graumann et al., 2003). (It should also be pointed out that 
cytokines are known to stimulate H1F directly in normoxic 
cells, which presumably plays a role in inflammatory 
injuries.) It is therefore interesting that a HIF-1 target gene 
product has protective effects in animal models of MS. The 
other major HIF-I target gene, vascular endothelial growth 
factor (VEGF), which was also shown to be induced in MS 
patients (Graumann et al., 2003; Proescholdr et al.. 2002) 
and in a model of EAE in rats and guinea pigs (Proescholdt 
et al., 2002; Kirk and Karlik. 2003), seems not to share the 
protective action of EPO and was suggested, on the 
contrary, to be implicated in the inflammatory component 
of EAE (Kirk and Karlik. 2003). In fact, intracerebral 
infusion of VEGF in a rat model of EAE exacerbated the 
inflammatory response by inducing BBB damage (Pro- 
escholdt et al.. 2002). The different behaviour of EPO and 
VEGF might be related, among other things, to the fact that, 
while VEGF is known to reduce tight junction proteins 
allowing leakage from within the capillary into the brain 
parenchyma via increased permeability of the blood-brain 
barrier (BBB). EPO counteracts this effect (Martinez- 
Estrada et al., 2003). In support, BBB disruption takes 
place in EAE and EPO was shown to diminish BBB leakage 
in EAE (Li et al., 2004). Since leakage contributes to the 
inflammatory process and, vice versa, may be a conse- 
quence of inflammation (de Vries et al., 1997), this 
mechanism could be part of the overall antt-neuroinflam- 
matory action of EPO in EAE. 

Translation of effectiveness of EPO in animal models of 
cerebral ischemia to human disease has already been 
validated in a proof-of-concept clinical trial showing that 
administration of EPO in patients with cerebral ischemia is 
both safe and beneficial (Fhrcnrcich el al., 2002). Hopefully, 
a successful translation from EAE to multiple sclerosis or 
other ^myelinating diseases will also occur. Antagonism of 
inflammation by CEPO and related tissue-protective cyto- 
kines with reduced EPO adverse effects may thus provide a 
new avenue for the therapy of MS. 



Acknowledgements 

We are indebted Dr. Roberto Furlan. Milano, for teaching 
us the mouse EAE model and for helping us analyze the 



36 



C Stnino <•/ 1//. / Jtturnal of Svumimmunofagr i?2 (2(Hf6/ 27- 37 



data. Supported in part by M1UR, Rome, Italy (Fondo per 
gli Investimenti della Ricerca di Base RBAUOI AR5J. by 
Fondo Integral ivo Speciale per la Ricerca, Neurobiotecno- 
logie). by Ministero dclla Sanita'- Ricerca Final izzata, by 
Fondazione Italiana Sclerosi Multipla (FISM 2002/R/4I) 
and by a grant from (he Kenneth S. Warren Institute. C.S. 
was the recipient of a fellowship from the Fondazione 
Italiana Sclerosi Multipla (FISM) and RB. is recipient of a 
fellowship from Fondazione Monzino. 



References 

Agnello. O.. Bigmi, P., Villa, P., Mcnnini, T, Ccrami. A., Brines, M.L.. 
Ghezzi. P., 2002. Erythropoietin exerts an anti-inflammatory effect on 
the CNS in a mode! of experimental autoimmune ewephalornyelilix. 
Brain Res. 952. 1 2R- 134. 

Amor. $., O'Neill. I.K., Morris. M.M., Smith, R.M., Wraith, D.C., Groome. 
N.. Travcre, P.J., Baker. D., 19%. Encephalitogenic epitopes of myelin 
basic protein, proceolipid protein, myelin oligodendrocyte glycoprotein 
Tor experimental allergic encephalomyelitis induction in Biozzi ABH<H- 
2Ag7) mice share an amino acid motif. J. Immunol. 156. 3000-3008. 

Bianchi. R.. Buyukakilli. B.. Brines. M.. Savino. C, Cavaletti, G., Oggioni, 
N.. Lauria, G., Borgna, M.. Lombardi, R„ Cimcn. B.. Comelekoglu, U.. 
Kanik, A., Tataroglu, C, Cerami, A.. Ghezzi, P.. 2004. Erythropoietin 
both protects from and reverses experimental diabetic neuropathy. Proc. 
Nail. Acad. Sci. U. S. A. 101. 823- 828. 

Bokemeycr. C. Aapro. M.S.. Courdi, A.. Foubert, J.. Link, H., Osterborg. 
A.. Rcpetto. L. Soubeyran, P.. 2004. EORTC guidelines for me use of 
erythropoietic proteins in anaemic patients with cancer. Eur. J. Cancer 
40, 2201-2216. 

Brines. M.. Cerami. A.. 2005. Emerging biological roles for erythropoietin 
in the nervous system. Nat. Rev. Ncurosci. 6, 484-494. 

Brines, M.U Ghezzi. P.. Kccnan. S.. Agnello, D.. de Lanerolle. N.C.. 
Cerami. C, Itri, L.M.. Cerami. A., 2000. Erythropoietin crosses the 
blood -brain harrier to protect against experimental brain injury. Proc. 
Natl. Acad. Sci. II. S. A. 97. 10526- 10531. 

Brines, M.. Grasso. G., Fiordaliso. F.. Sfacteria, A.. Ghezzi, P., Fratelli. 
M„ Larini, R., Xie. Q.W., Smart, J., Su-Rtck. C.J.. Pobre. E., Diaz, 
D., Gomez, D., Hand, C. Coleman. T, Cerami. A.. 2004. 
Erythropoietin mediates tissue protection through an erythropoietin 
and common bcta-*ubunit heteroreceptor. Proc. Natl. Acad. ScL USA 
101. 14907- J4912. 

Casadevall, N.. Nataf. J., Vtron, B , Kolta. A.. Kiladjian. JJ., Manin- 
Dupont. P.. Michaud. P.. Papo, T.. Ugo. V., Teyssandier. I., varet, B.. 
Mayeux. P., 2002. Pure rcd-ccll aplasia and amierythropoiettn anti- 
bodies m patients treated with recombinant erythropoietin. N. Engl J. 
Med. 346. 469-475. 

Celik. M.. Gokmen, N.. Erbayraktar. S.. Akhisaroglu, M.. Konakc. S.. 
Ulukus. C. Gene. S., Gene. K.. Sagiroglu, E . Cerami. A.. Brines, M.. 
2002. Erythropoietin prevents motor neuron anoptosis and neurologic 
disabihty in experimental spinal cord ischemic injury. Proc. Natl. Acad. 
Sci. U. S. A. 99. 2258 2263. 

Chang. Y.S.. Mu. D . Wcndland. M., Sheldon. R.A.. Vexler. Z.S.. 
McQuilIen, P.S.. Femero. DM. 2005. Erythropoietin improves 
functional jnd histological outcome in neonatal stroke. Pediarr. Res. 
58. 106- I r I. 

ChomcTynxki. P., Sacchi. N.. 1987. Singlc-step method of RNA isolation 
by acid guanidinium thiocyanate -phenol -chloroform extraction Anal. 
Biochem. 162. 156-159. 

Da*gupta. S.. Jana. M.. Zhou. Y, Fung. Y.K.. Ghosh. S.. Pahan. K.. 2004. 
Antineuroinnammatory effect of NF-kappaB essential modifier-bindmg 
domain peptides in the adoptive transfer model of experimental allergic 
encephalomyelitis. J Immunol. 173. 1344- 1354. 



ile Vries. H E.. Kuiper. J., de Boer. A G.. Van Berkel. TJ., Breimer. D.D.. 
1997. The blood -brain harrier in neuroinftammatory diseases. Pharma- 
col. Rev. 49, 143-155. 

Diem, R.. Saltier, M.B.. Mcrkler. D.. Demmer. I . Maier. K.. Stadelmartn. 
C. Ehrenreich. H.. Bahr. M.. 2005. Cornhined therapy with inethyl- 
prednisolone and crythmpoietin in a model of multiple sclerosis. Brain 
128.375-385. 

Digicaylioglu, M.. Lipton, S.A.. 2001. Erythropoietm-mediaied neuro- 
protection involves cross-talk between Jak2 and NF-kappaB signalling 
cascades. Nature 4 12, 64 1 - 647. 

Ehrenreich. H.. Hassclblatt. M.. Dcinbowski, C. Cepek. L„ Lewczuk. P.. 
Stiefd. M.. Rustenbevk. H.H.. Brciter, N., Jacob. S.. Kncrlich, F.. Bohn, 
M.. Poser, W., Ruther, E.. Koehen. M.. Gefellcr. O.. Gleiler. C. Wessel, 
T.C.. De Ryck. M.. Itri, L. Prange, H., Cerami. A.. Brines. M.. Siren, 
A.L., 2002. Erythropoietin therapy for acute stroke is both safe and 
beneficial. Mol. Med. 8, 495-505. 

Erbayraktar, S.. Grasso. G., Sfacteria, A., Xie. Q.W.. Coleman, T., 
KreilgaanJ. M.. Torup. L., Sager. T.. Erbayraktar, Z., Gokmen, N.. 
Ytlmaz, O.. Ghezzi. P., Villa, P., Fratelli, M., Casagrande, S.. Leist, 
M.. Helboe. L.. Gcnvein. J.. Christensen, S.. Geist, M.A., Pcderscn, 
L.O.. Ccrami-Hand. C, Wuerth, J.P., Cerami A.. Brines, M., 2003. 
Asialoerythropoictin is a n on erythropoietic cytokine with broad 
neuroprotective activity in vivo. Proc. Natl. Acad. Sci. U. S. A. 100. 
6741-6746. 

Fukuda. M.N.. Sasaki, R, Lopez, L., Fukuda. M.. 1989. Survival of 
recombinant erythropoietin in the circulation: the role of carbohydrates. 
Blood 73, 84-89. 

Furlan. R., Brambilla, E.. Ruffini. F.. Poliani. PL., Bergami. A.. Marconi. 
P.C., Franciotta, D M., Penna, G., Comi. O., Adorini. L.. Martino. G., 
2001. Intrathecal delivery of IFN-gamma protects C57BL/6 mice from 
chronic- progressive experimental autoimmune encephalomyelitis by 
increasing apoptosis of central nervous system-infiltrating lymphocytes. 
1. Immunol. 1 67, 1 82 1 - 1 829. 

Ghezzi. P., Brines, M., 2004. Erythropoietin as an anliapoptotjc. tissue- 
protective cytokine. Cell Death Differ. 1 1. S37-S44. 

Gill, G.W.. Frost. J.K.. Miller, K.A.. 1974. A new formula for a half- 
oxidized hematoxylin solution that neither overs La ins nor requires 
differentiation. Acta Cyiol. 18, 300-311. 

Gorio. A.. Gokmen, N.. Erbayraktar, S.. Yihnaz, O.. Madaschi. L., Cichcfli, 
C. Di Giulio. A.M.. Vardar, E., Cerami. A., Brines. M., 2002. 
Recombinant human erythropoietin counteracts secondary injury and 
markedly enhances neurological recovery from experimental spinal 
cord trauma. Proc. Nail. Acad. Sci. U. S. A. 99. 9450-9455. 

Graumann, U., Reynolds. R., Sleek, A.J., Schaeren-Wiemcrs, N.. 2003. 
Molecular changes in norma) appearing white matter in multiple 
sclerosis are characteristic of neuroprotective mechanisms against 
hypoxic insult. Brain Pathol. 13. 554-573. 

Group, T.U.R.H.E.P.S., 1991. Double-blind, placebo-contnJled srudy of the 
therapeutic use of recombinant human erythropoietin for anemia 
associated with chronic renal failure in predialysis patients. The US 
Recombinant Human Erythropoietin Predialysis Study Group. Am. J. 
Kidney Dis. 18.50-59. 

Hilliard, B.. Sarooilova. E.B.. Liu. T.S.. Rostami, A., Chen. Y. 1999. 
Experimental autoimmune encephalomyelitis in NF-kappa B-deftcient 
mice: roles of NF-kappa B in the activation and dilTerentiaiion of 
autoreactive T cells. ). Immunol. 163, 2937 2943. 

Hilliard. B.A.. Mason, N.. Xu. L . Sun. J.. Umhamedi<T»ernidi. S E.. Liou. 
H.C.. Hunter. C. Chen. Y.H.. 2002. Critical roles of c-Rcl in 
autoimmune inllammation and helper T cell differentiation. J. Clin. 
Invest 1 10. 843 850. 
Huuser. C.R.. Barber. R.P. Crawford, G.D., Matthews. D.A.. Phelps. P.E.. 
SaNaterra. P.M.. Vaughn. J.E. 1984. Species-specific second antibodies 
reduce spurious stainmg in immunocytochemistry. I. Histochem. 
Cytochem. 32, 395-402. 
Imat, N.. Higuchi. M.. Kawamura. A.. Tomonoh, K., Oh-Eda, M . Fujiwara. 
M.. Shimonaka. V.. i>chi. N . 1990. Physicnchemical and biologicai 
characterizaiion of asialoerythropoietin. Suppressive effects of sialic 



C. Stnvm ri *//. Journal nf Vtrumimmtmoiogy 172 (2 00 f*) 27-37 



37 



acid in ihc expression of biological activity of human erythropoietin in 

vitro. Fur. J. Biochcm 194, 457 462. 
Jclkmarm, W.. Wagner, K.. 2004. Beneficial and ominous aspects of the 

pleiotropic action of erythropoietin. Ann. Hematol. 83. 673- 686. 
Juul. S.. 2»04. Recombinant erythropoietin as a neuroprotective treatment: 

in vitro and in vivo models. Clin. Perinatol. 31. 129- 142. 
Juul, S.E.. McPherson. R.J.. Farrell. F.X.. Jolliffe. L.. Ness. DJ.. Gleason. 

C.A , 2004. Erytropotetin concentrations in cerebrospinal fluid of 

nonhuman primates and fetal sheep following high -dose recombinant 

erythropoietin. Biol. Neonate 85. 138- 144. 
Kirk. 5.L., Karlik. S.J., 200}. VEGF and vascular changes in chronic 

ncuro inflammation. J. Autormmun. 21, 353- 363. 
Lassmann. H.. 2003. Hypoxia-like tissue injury as a component of multiple 

sclerosis lesions. J. Neurol. Sci. 206. 187 -191. 
Lcist, M., Ghezzi, R. Grasso. G., Bianchi. R.. Villa. R. Fratelit, M.. Savino. 

C, Bianchi, M., Nielsen, Gerwien, J., Kallunlri, P.. Larscn, A.K.. 

Helboe, U Christensen, S., Pedcrscn. L.O.. Nielsen. M. Torup. L., 

Sager. T. Sfacteria. A.. Erbayraktar. S.. Erbayraktar. Z.. Gukmen. N.. 

Yihnaz. O.. Ccrami-Hand. C. Xie. Q.-w.. Coleman. T., Cerami. A., 

Brines. M., 2004. Derivatives of erythropoietin that are tissue protective 

but not erythropoietic. Science 305. 239 - 242. 
Li. W.. Maeda. Y., Yuan. R.R., Elkabes, S., Cook. S., Dowling. R. 2004. 

Beneficial effect of erythropoietin on experimental allergic encephalo- 
myelitis. Ann. Neurol. 56, 767 - 777. 
Lim. V.S.. 1991. Recombinant human erythropoietin in predialysis patients. 

Am. J. Kidney Dis. 18, 34-37. 
Linker, R.A., Maurer. M.. Gaupp. S., Martini. R., Holtmann. B., Giess. R.. 

Rieckmann. P., Lassmann. H., Toyka, K.V., Sendmer. M., Gold. R.. 

2002. CNTF is a major protective factor in (^myelinating CNS disease: 

a neurotrophic cytokine as modulator in neuroinflammaiion. Nat. Med. 

8. 620-624. 

Lock, C. Hermans. G.. Pedutti. R., Brendolan, A., Schadt. E.. Garren. H.. 

Langer-Gould. A.. Strober. S.. Cannella. B.. Allard. J., Klonowski, P.. 

Austin, A.. Lad. N.. Kaininski. N.. Galli. S.J.. Oksenberg, J.R.. Raine. 

C.S.. Heller. R.. Steinman, L., 2002. Gene-microarray analysis of 

multiple sclerosis lesions yields new targets validated in autoimmune 

encephalomyelitis. Nat Med. 8. S00-S08. 
Maiesc. K., Li. R, Chong. ZZ., 2005. New avenues of exploration for 

erythropoietin. IAMA 293. 90- 95. 
Martinez-Estrada, O.M.. Rodriguez-Mi I lan, E.. Gonzalez- De Vicente. E.. 

Reina, M.. Vilaro. S., Fabre. M.. 2003. Erythropoietin protects the in 

vitro blood brain barrier against VHGF- induced permeability. Eur. J. 

Neurosci. 18.2538-2544. 
Manino, G., 2004. How the brain repairs itself, new therapeutic strategies 

in inflammatory and degenerative CNS disorders. Lancet Neurol 3 

372-378. 

Martino. G.. Adorini, L M Rieckmann. P., Hillert. J.. Kallmann. B., Comi, G., 
Filippi. M., 2002. Innammation in multiple sclerosis: the good, the bad, 
and the complex. Lancet Neurol. 1 . 499-509. 

Marusic. S.. Miyashiro, J.S., Douhan IU. J., Konz. R.F.. Xuan. D.. Pelker, 
J.W., Ling, V. Leonard. J.P.. Jacobs. K.A.. 2002. Local delivery of 
granulocyte macrophage colony-stimulating factor by retrovirally 
transduced anttgen-specific Tcdls leads to severe, chronic experimental 
autoimmune encephalomyeliits in mice. Neurosci. Lett. 332. 185- 189. 

McQualter. J.L.. Daiwhe. R.. Ewing. C. Onuki. M.. Kay. T.W.. Ham.Iton! 
J.A . Reid. H.H.. Bernard, C.C.. 2001 . Granulocyte macrophage colony, 
stimulating faciun a new putative therapeutic target in multiple 
sclerosis. J. Exp. Med. 194. 873-882. 

Micera. A.. Properzi. F„ Triaca. V. Aloe. L., 2000. Nerve growth factor 
antibody exacerbates neuropaihofogkal signs of experimental allergic 
encephalomyelitis in adult Lewis rats. J. Neuroimmunol. 104, 116- 1 23. 

Natali. A.. Toschi. E.. Baldeweg. S.. Casolaro. A.. Baldi. S.. Simni. A.M.. 
Yudkin. J.S., Ferrannini, E., 2005. Haematocrit. type 2 diabetes, and 
erta^rthelrum-dependent vasodilatation of resistance vessels. Eur Heart 
J. 26,464 - 471. 



NicoJetti. F.. Patri. F.. DiMarco. R.. Zaccone. P.. Nicoletti. A.. Meroni. P.. 
Reggio. A.. 1996. Circulating serum levels of IL-IRa in patients with 
relapsing remitting multiple sclerosis arc normal during remission 
phases but significantly increased cither dunng exacerbations or in 
response to IFN-bcta treatment. Cytokine 8. 395 - 400. 

Pahan. K.. SchmkL M.. 2000. Activation of nuclear factor-* B in the spinal 
cord of experimental utlergic encephalomyelitis. Neurosci. Lett. 287. 
17-20. 

Phichino, S.. Quattrini. A., Brembilla, E.. Grirti. A.. Salani. G.. Dma, G.. 
Galli. R.. Del Carro. U, Amadin. S.. Bergami, A.. Furlan, R., Comi, G.. 
Vcwovi. A.L., Manino. G.. 2003. Injection of adult neurospheres 
induces recovery in a chronic model of multiple sclerosis. Nature 422, 
688-694. 

Proescholdf. M.A.. Jacobsoo, S.. Tresser, N.. Oldfield. E.H.. Merrill. 
MJ., 2002. Vascular endothelial growth factor is expressed in 
multiple sclerosis plaques and can induce inflammatory lesions in 
experimental allergic encephalomyelitts rats. J. Neuropathol. Exp. 
NeuroL 61.914-925. 

Quaschning, T., Ruschitzka. F.. Stallmach, T., Shaw, S., Morawietz, H.. 
Goctlsch. W., Hermann, M., Slowinski, T., Theuring. R. Hochcr. B.. 
Luschcr. T.F.. Gassmarm. M.. 2003. Erythropoietin-induced excessive 
erythrocyiosis activates the tissue endothebn system in mice. FASEB J, 
17.259-261. 

Ruschitzka, F.T.. Wengcr, R.H.. Stallmach. T.. Quaschning, T.. de Wit, C, 

Wagner. K-. Labugger, R., Kelm. M.. Noll. G.. Rulicke, T.. Shaw. S.. 

Lindberg, R.L.. Rodenwaldt. B., Lutz, H., Bauer. C. Luschcr. T.F.. 

Gassmann, M.. 2000. Nitric oxide prevents cardiovascular disease and 

determines survival in polyglobulic mice overexprcssing erythropoietin. 

Proc. Natl. Acad. Sci. U. S. A. 97, 1 1609- 11613. 
Sattler. M B.. Merkler, D., Maier, K., Stadclmann, C. Ehrenreich, H., Bahr. 

M., Diem, R.. 2004. Neuroprotective effects and intracellular signaling 

pathways of erythropoietin in a rat model of multiple sclerosis. Cell 

Death Differ. 1 1 (Suppl 2 k S 1 8 1 - S 192. 
Shingo. T.. Sorokan. S.T.. Shimazaki. T.. Weiss. S.. 2001. Erythropoietin 

regulates the in vitro and in vivo production of neuronal progenitors by 

mammalian forcbrain neural stem cells. J. Neurosci. 21, 9733-9743. 
Steinman, L. 2003. Optic neuritis, a new variant of experimental 

encephalomyelitis, a durable model Tor all seasons, now in its seventieth 

year. I. Exp. Med. 197. 1065-1071. 
Steinman, L., 2004. Immune therapy for autoimmune diseases. Science 

305.212-216. 

Sugawa. M., Sakurai. Y.. Ishikawa-leda, Y„ Suzuki. H, Asou. H., 2002. 
Effects of erythropoietin on glial cell development; oligodendrocyte 
maturation and astrocyte proliferation. Neurosci. Res. 44. 391-403. 

Varet, B.. Casadevall. N.. Lacombc. C. Naycaux, R. 1990. Erythropoietin: 
physiology and clinical experience. Semin. Hematol. 27. 25-31. 

Villa, P., Digini, P., Mennini. T.. Agnello. D.. Laragione, T., Cagnotto, A., 
Viviani, B.. Marinovich. M.. Cerami. A., Coleman, T.R.. Brines. M., 
Ghczzi, R, 2003. Erythropoietin selectively attenuates cytokine pro- 
duction and mllammation in cerebral ischemia by targeting neuronal 
apoptosis. /. Exp. Med. 198. 971 -975. 

Viviani, 8.. Bartesaghi, S.. Corsini. E.. Villa. P., Ghezzi, P., Garau. A.. 
Galli. C.L.. Marinovich, M.. 2005. Fjythropoictin protects primary 
hippiKampal neurons increasing the expression of brain-derived neuro- 
trophic factor. J. Neurochem. 93. 412-421. 

Wang. L.. Zhang. Z.. Wang. Y.. Zhang. R.. Chopp, M., 2004 Treatment of 
stroke with erythropoietin enhances neurogenesis and angiogencsis and 
improves neurological function in rats. Stroke 35. 1732 - 1737. 

Yao. D.L. Liu. X., Hudson. L.O . Webster. H.D.. 1995. Insulin-like growth 
factor f treatment reduces demyelination and up- regulates gene 
expression of my el in -related proteins in experimental autoimmune 
encephalomyelitis. Proc. Natl. Acad. Sci. U. S. A. 92. 6190-6194. 

Zhang. J.. Li. Y. Cui. Y.. Chen. J.. Lu. M.. Elias, S B.. Chopp, M.. 2005. 
Erythronoietm treatment improves neurological functional recovery in 
CAE mice. Brain Res 1034. 34-39. 



Online Submissions: wjg.wjgnrt.com 

www.wjgnet.com 

w jg©wjgnet.com 



World / Gs/rornfrni/ 2007 December 14; 13(46): 6172-6182 
World Journal of Gastroenterology ISSN 1007-9327 
O 2007 WfC. All rights reserved. 



Protective effects of erythropoietin against acute lung injury 
in a rat model of acute necrotizing pancreatitis 

Oge Tascilar, Guldeniz Karadeniz Cakmak, Ishak Ozel Tekin, Ali Ugur Emre, Bulent Hamdi Ucan, Burak Bahadir, 
Serefden Adkgoz, Oktay Irkorucu, Kemal Karakaya, Hakan Balbaloglu, Gurkan Kertis, Handan Ankarali, 
Mustafa Comert 



Oge Tascilar, Guldeniz Karadeniz Cakmak, AH Ugur Emre, 
Bulent Mamdi Ucan, Oktay Irkorucu, Kemal Karakaya, Hakan 
Balbatoglu, Mustafa Comert, Department of Surgery. Zonguldak 
Karaelmas University, School of Medicine, Kozlu-Zonguldak 
67600, Turkey 

Ishak Ozel Tekin, Department of Immunology, Zonguldak 
Karaelmas University, School of Medicine, Kozlu-Zonguldak 
67600, Turkey 

Burak Bahadir, Gurkan Kertis, Department of Pathology, 
Zonguldak Karaelmas University, The School of Medicine, Kozlu- 
Zonguldak 67600, Turkey 

Serefden Acikgoz, Department of Biochemistry, Zonguldak 
Karaelmas University, School of Medicine, Kozlu-Zonguldak 
67600, Turkey 

Handan Ankara!!, Department of Biostatistics, Zonguldak 
Karaelmas University, School of Medicine, Kozlu-Zonguldak 
67600, Turkey 

Correspondence to: Dr. Guldeniz Karadeniz Cakmak, 

Zonguldak Karaelmas Universrtesi. Arastirma ve Uygutama 

Hastanesi Bashekimligi, Kozlu-Zonguldak 67600, 

Turkey, gkkaradeniz@yahoo.com 

Telephone: +90-372-2610169 Fax: +90-372-2610155 

Received: August 1 , 2007 Revised: September 1 6, 2007 



Abstract 

AIM: To investigate the effect of exogenous erythro- 
poietin (EPO) administration on acute lung injury (ALI) 
in an experimental model of sodium taurodeoxycholate- 
induced acute necrotizing pancreatitis (ANP). 

METHODS: Forty-seven male Wistar albino rats were 
randomly divided into 7 groups: sham group (n = 5), 
3 ANP groups (n = 7 each) and 3 EPO groups (n = 7 
each). ANP was induced by retrograde infusion of 5% 
sodium taurodeoxycholate into the common bile duct. 
Rats in EPO groups received 1000 U/kg intramuscular 
EPO immediately after induction of ANP. Rats in ANP 
groups were given 1 mL normal saline instead. All 
animals were sacrificed at postoperative 24 h, 48 h 
and 72 h. Serum amilase, IL-2, IL-6 and lung tissue 
maiondialdehyde (MDA) were measured. Pleural effusion 
volume and lung/body weight (LW/BW) ratios were 
calculated. Tissue levels of TNF-a, IL-2 and IL-6 were 
screened immunohistochemicaliy. Additionally, ox-LDL 
accumulation was assessed with immune-fluorescent 
staining. Histopathologic! alterations in the lungs were 
also scored. 



RESULTS: The mean pleural effusion volume, calculated 
LW/BW ratio, serum IL-6 and lung tissue MDA levels 
were significantly lower in EPO groups than in ANP 
groups. No statistically significant difference was 
observed in either serum or tissue values of IL-2 among 
the groups. The level of tumor necrosis factor-a (TNFa) 
and IL-6 and accumulation of ox-LDL were evident in 
the lung tissues of ANP groups when compared to EPO 
groups, particularly at 72 h. Histopathofogical evaluation 
confirmed the improvement in lung injury parameters 
after exogenous EPO administration, particularly at 48 h 
and 72 h. 

CONCLUSION: EPO administration leads to a 
significant decrease in ALI parameters by inhibiting 
polymorphonuclear leukocyte (PMNL) accumulation, 
decreasing the levels of proinflammatory cytokines 
in circulation, preserving microvascular endothelial 
cell integrity and reducing oxidative stress-associated 
lipid peroxidation and therefore, can be regarded as a 
cytoprotective agent in ANP-induced ALI. 

© 2007 WJG. All rights reserved. 
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INTRODUCTION 

Acute pancreatitis (AP) is a life-threatening necro- 
inflammatorv disease with significant morbidity and 
mortality rates, especially when complicated by systemic 
inflammatory response syndrome (SIRS) and multiple 
organ failure (MODS) |fJ| . Death occurs in 60% of 
the patients within the first 6 d of disease onset and 
pulmonary complications including acute lung injury 
(ALI) and acute respiratory distress syndrome (ARDS) 
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account for a significant number of these deaths . The 
exact mechanisms by which diverse etiological factors 
induce an attack arc indefinite, but once the disease 
process is initiated, common inflammatory and repair 
pathways are invoked. Within the first few days following 
the onset of AP, lung injury occurs as a consequence of 
AP, whereas sepsis is a dominant cause for lung injury 
and mortality in the later phase of the disease process 1 ' 1 . 
Despite improved understanding of the pathogenesis 
of ARDS, pharmacological modalities are ineffective in 
decreasing its mortality. None of the randomized clinical 
trials using novel therapeutic agents has demonstrated an 
improvement in patient outcome. Consequently, effective 
therapeutic interventions are thus called for. 

Erythropoietin (EPO), a 30.4-kDa glycoprotein 
and a member of the type I cytokine superfamily, was 
first introduced as a hormone that regulates crythroid 
progenitors within the bone marrow to mature into 
erythrocytes, through binding to its specific cell surface 
receptors 151 . Hence, EPO is approved for the treatment 
of anemia as a consequence of a variety of disorders. In 
the current era, the premise that EPO is essential only 
for erythropoiesis has been changed according to the 
researches demonstrating the existence of EPO and its 
receptor in other organs and tissues outside of liver and 
kidney, such as brain, heart, pancreas, as well as vascular, 
gastrointestinal and reproductive systems' 6,, ^ Beyond its 
hematopoietic properties, EPO modulates a broad array 
of vital cellular processes including progenitor stem 
cell development, cellular integrity, and angiogcnesis ,K,,, . 
Additionally, in various tissues, EPO inhibits the apoptotic 
mechanisms of injury, including preservation of cellular 
membrane asymmetry to prevent inflammation 1 ' 0 " 121 . 
Experimental evidence supports a vigorous cytopcotectivc 
effect and EPO is now considered to have applicability in a 
variety of disorders, such as cerebral ischemia, myocardial 
infarction, and chronic congestive heart failure 1 21 S| . Wu 
et aP &] demonstrated that pretreatment with EPO appears 
to attenuate ischemia-reperfusion-induced lung injury. 
This function is pardy related with the ability of EPO to 
inhibit the accumulation of polymorphonuclear leukocytes 
(PMNL) in lung tissue and decrease the systematic 
expression of tumor necrosis factor-ct (TNF-a). In 
addition to these studies, it has been reported that EPO 
can attenuate different kinds of lung injuries, showing that 
rats exposed to hyperoxia exhibit well-maintained alveolar 
structure and enhanced vascularity when treated with 
EPO in . Importandy, EPO can protect the ultrastructure 
of tracheobronchial epithelia and pulmonary type II 
epithelia of rats during traumatic brain injury 1 ' . 

AP associated lung injury is a multifactorial pheno- 
menon with various phases. In the light of the above- 
mentioned findings, the present study was to evaluate the 
hypothesis that EPO administration offers pulmonary 
protective effect against pancreatitis induced lung injury in 
rats. 

MATERIALS AND METHODS 

Animals 

Forty-seven male Wistar albino rats weighing 250-300 g 



were housed under constant temperature (22*C) and 
humidity in a 12-h dark/ light cycle. 

Experimental design 

The experiments were conducted following the Ethic 
Committee Faculty of Medicine, University of Zonguldak 
Karaelmas guiding principles for the care and use of 
laboratory animals. The animals were randomized into 
seven experimental groups as follows: sham group in 
which rats received sham operation (// = 5), 3 ANP groups 
in which acute necrotizing pancreatitis (ANP) was induced 
by retrograde infusion of sodium taurocleoxycholate and 
I mL normal saline (0.9% NaCI) was given intramuscularly 
immediately after induction of AP (rt = 7 each), 3 EPO 
groups in which AP was induced by the same way and 
1000 U/kg EPO (Eprex, Epoetin alfa, Janssen-Cilag 
AG, Sweden) was injected intramuscularly immediately 
after induction of AP. All animals in the ANP and EPO 
groups were sacrificed at postoperative 24 h, 48 h and 
72 h, respectively. Histopathological, biochemical and 
immunohistochemical evaluations were performed. 

Induction of acute pancreatitis 

Anesthesia was induce by injecting ketamine HCL at 100 
mg/kg im and laparotomy was performed under strict 
sterile conditions. An upper midline abdominal incision 
was made to identify the common pancreaticobiliary duct. 
The duodenal wall was punctured at its antimesenteric 
aspect with a 24-gauge IV catheter (Novacath, Medipro 
A.§., Istanbul, Turkey). The catheter was advanced 5 mm 
into the common duct through the papilla of Vater. ANP 
was induced by retrograde infusion of 0.2 mL 5% sodium 
taurodeoxycholate (Sigma, St. Louis, MO, USA) over 
3 min using an infusion pump as previously described ,2n, 
and the pacreaticobiliary duct was clamped near the 
liver hilum throughout the inraductal infusion in all 
groups, except for sham group. Animals in sham group 
were subjected to anesthesia, laparotomy and duodenal 
manipulation, but not to biliopancreatic duct cannulation. 
The midline incision was closed in two layers with 4/0 
silk suture (Ethicon, Edinburg, UK). Rats were allowed to 
recover from anesthetic and returned to their cages with 
free access to water and food after surgery. 

Sampling procedures 

All the rats were sacrificed by aortic puncture method. 
The abdominal and thoracic cavities were entered to 
obtain blood and lung samples. Blood samples were 
centrifuged at 1800 x ^ for 15 min at 4^C to obtain plasma 
and stored at -80*C for biochemical analysis. Then, the rats 
were killed with the lung removed immediately. Random 
cross-sections of the lung tissue were fixed in 10% neutral 
phosphate-buffered formalin and embedded in paraffin 
wax for histopathological examination. Samples of lung 
tissue were weighed and stored at -85'C for subsequent 
biochemical and immunohistochemical measurements. 

Assessment of pulmonary effusion 

The thorax was opened to collect pleural effusion (PE) 
by suction which was measured volumetrically. Care was 
also taken to eliminate blood contamination with PE. The 
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lungs were then removed and all surrounding tissues were 
dissected and weighed with an analytical balance. The 
volume of PE (mL) and the lung weight/body weight (LW/ 
BW) ratios were calculated and considered as an index of 
pulmonary edema. 

Biochemical analysis 

Serum amylase, IL-2 and IL-6 assay: Serum amylase 
levels were measured by a Beckman Coulter LX-20 
system analyzer (Fullerton, CA, USA) using Beckman 
kits (Fullerton, CA, USA), following the manufacturer's 
instructions. IL-2 and IL-6 levels in the serum were 
measured with commercially available kits (Biosource 
International, Commercial ELISA Kit, California, USA). 

Lung tissue malondialdehyde (MDA) assay: 
MDA levels in the lung tissue were measured in tissue 
homogenate. In brief, tissue was homogenized with cold 
1.15% KC1 to make a 10% homogenates, and 0.2 mL of 
8.1% SDS, 1.5 mL of 20% acetic acid solution adjusted to 
pH 3.5 with NaOH and 1.5 mL of 0.8% aqueous solution 
of thiobarbituric acid were added to 0.2 mL of 10% tissue 
homogenates. The mixture was made up to 4.0 mL with 
distilled water and heated in an oil bath at 95 *C for 60 min. 
After cooling with tap water, 1.0 mL of distilled water and 
5.0 mL of the mixture of n-butanol and pyridine (15:1, v/v) 
were added and the solution was shaken vigorously. After 
centrifugarion at 4000 r/min for 10 min, the organic layer 
was taken with its absorbance measured at 532 nm on a 
Shimadzu UV 1601 spectrophotometer. As a standard, 
1.1.3.3 tetraetoxypropane was used. MDA concentration 
per gram tissue was calculated (nmol/gr tissue). 

Immunohistochemical method for screening 
IL-2, IL-6 and TNF-ct in the lung tissue: Cryostat 
sections of lung tissue (7 um) were fixed with absolute 
ethanol and stained with avidin biotin complex based 
immunohistochemical method. Immunohistochemistry 
was performed to observe peroxidase diaminobenzidine 
reaction. Cytokine staining was performed with 
biotinylated mouse anti-rat IL-2, IL-6, TNF-ct antibodies 
(Biosource International, California, USA). Strep tavidin- 
peroxidase (HRP) and diaminobenzidine (DAB) were 
purchased from DAKOCytomation (Denmark). Ethanol - 
fixed tissue sections were treated with biotinylated mouse 
anti-rat IL-2, IL-6 and TNF-ct for 30 min, washed three 
times with PBS, incubated for an additional 30 min with 
streptavidin-HRP and washed three times with PBS. 
The sections were then treated with 0.03% 3, 3-diamino 
benzidine tetrahydrochloride plus 0.01% hydrogen 
peroxide in 50 mmol/L Tris-HCl buffer (pH 7.4) for 10 
min. All incubations were performed at room temperature. 
The sections were examined under a light microscope by 
an independent observer, blind to the study. 

Immune-fluorescent staining method for screening 
ox-LDL in the pancreas and lung tissues: Rat lung and 
pancreas were obtained and stored at -85*0. Slides were 
prepared from the 7 urn-thick frozen lung biopsy sections. 
Slides were further divided into two pieces: one for the test 
and the other for the negative control. Thirty uL human 



polyclonal anti-ox-LDL IgG solution as primary antibody 
was added only on the test slides and the control slides 
were manipulated with phosphate- buffered solution (PBS) 
as the same amount of primary antibody. After a 30-min 
incubation in a humid chamber at room temperature, both 
the control and test slides were washed with phosphate- 
buffered saline and 30 uL fluorescent isothiocyanate 
(FITC) -labeled anti human IgG was administered as a 
conjugate substance. The slides were incubated for a 
further 30 min at room temperature and washed with 
the standard PBS solution. After drying, the slides were 
covered with a mounting medium and examined under a 
fluorescent microscope (LEICA DMRX, Germany). 

Histopathologic analysis 

The lung tissue samples were fixed in 10% formalin 
immediately after removal, embedded in paraffin, sectioned 
at 5 um intervals, stained with hematoxylin and eosin, and 
examined under a light microscope. Histopathological 
evaluation and scoring of the parameters were performed 
by a single pathologist unaware of the treatment groups. 
Morphometric analysis of histological sections was 
accomplished with the point counting technique. For this 
purpose, we used an optical microscope provided with an 
integrating eyepiece containing 100 points and 50 lines. 
The following parameters were evaluated as previously 
described^* 22 '. 

Alveolar distension and collapse index: At a magni- 
fication of x 100, we analyzed 10 randomly selected 
fields of the proximal and 10 fields of the distal sections. 
We designated grades 0, 1, 2, and 3 to microscopic fields 
respectively as 0%, 25%, 50%, and over 50% of the area 
with either alveolar distension or alveolar collapse. 

Alveolar edema index: At a magnification of x 400, we 
analyzed 10 randomly selected fields of the proximal and 
10 fields of the distal sections. The relationship between 
the number of points of the eyepiece falling on alveolar 
edema and the number of points falling on the whole 
alveolar lumen was determined. 

Alveolar cellularity index: We analyzed 10 microscopic 
fields from each lung slide at a magnification of x 1000. 
The alveolar cellularity index was obtained by the 
relationship between the lines of the integrating eyepiece 
crossing a nucleus and the lines crossing alveolar septa. 

Polymorphonuclear cell (PMNL) index: We analyz- 
ed 10 microscopic fields from each lung slide at a 
magnification of x 1000. PMNL index was obtained 
by the relationship between the lines of the integrating 
eyepiece crossing a nucleus and the lines crossing alveolar 
septa. 

Statistical analysis 

Statistical analysis was performed using SPSS version 11.5 
for Windows XP. The results were expressed as mean + 
standard deviation (SD). The differences in serum amylase, 
IL-2 and IL-6 were assessed by Welch test and post hoc 
Games-Howell test or one way ANOVA and post hoc Tukey 
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Figure 1 Values of pleural effusion volumes (A) and calculated LW/BW ratios (8) 
(meant SO). 



HSD test where appropriate. The differences betweecn 
groups (ANP, EPO, sham), time course (three different 
hours) and its interaction in terms of tissue MDA levels, 
pulmonary effusion volume, calculated LW/BW ratio, and 
mean histopachological scores, were analyzed by factorial 
analysis of variance with a single control. P < 0.05 was 
considered statistically significant. 

RESULTS 

Pleural effusion and LW/BW ratio 

The mean pleural effusion volume (mL) and the calculated 
LW/BW ratio were significandy increased in ANP groups 
when compared to EPO groups (P < 0.0001). The 
mean ± SD volume of pleural effusion measured was 
1.62 ± 1.08 mL, 1.5 ± 0.33 mL and 1.97 ± 0.39 mL in 
3 ANP groups and 0.45 ± 0.37 mL, 0.48 ± 0.38 mL 
and 0.85 ± 0.13 mL in 3 EPO groups, respectively. No 
statistically significant difference was detected between 
sham and EPO groups (0.18 ± 0.08 mL vs 0.45 ± 0.37 
mL, 0.48 ± 0.38 mL and 0.85 ± 0.13 mL, P > 0.05 for 
each). The volume of pleural effusion was statistically 
significant higher in ANP groups than in sham group 
(0.18 ± 0.08 mL vs 1.62 ± 1.08 mL, 1.5 ± 0.33 mL and 
1.97 ± 0.39 mL, P < 0.001 for each).The time course 
of pleural effusion volume in 3 ANP groups is shown 
in Figure 1A. In terms of LW/BW ratio, a statistically 
significant difference was seen from 24 h to 72 both in 3 
ANP groups (0.006 ± 0.0022 vs 0.008 ± 0.0019, P < 0.05) 
and in 3 EPO groups (0.004 ± 0.0008 vs 0.005 ± 0.0011, 
P < 0.05) and the mean calculated ratio was higher at 72 
h for each. In comparison to sham group, no statistically 
significant difference was found in EPO groups (0.003 ± 
0.0004 rs 0.004 ± 0.0008, 0.005 ± 0.0009 and 0.005 ± 
0.0011, P > 0.05), where as ANP resulted in a significant 
increase in calculated LW/BW ratio at 24 h, 48 h, and 72 h 
(0.003 ± 0.0004 vs 0.006 ± 0.0022, 0.007 ± 0.0016, and 
0.008 ± 0.0019, P < 0.05 for each) (Figure 1 B). The pleural 
effusion values and LW/BW ratio are listed in Table 1. 

Biochemical analysis 

Serum amylase, IL-2 and IL-6 assay: A statistically 
significant increase was detected in the mean ± SD serum 
levels of amylase in 3 ANP groups when compared to 
sham group (534 ± 124 u/L n 3502 ± 1830 u/L, 3759 ± 
1505 u/L and 5056 ± 1872 u/L, P < 0.05 for each). The 
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mean ± SD value of serum amylase was 3502 ± 1830 u/L, 
3759 ± 1505 u/L and 5056 ±1872 u/L in 3 ANP groups 
and 1523 ± 514 u/L, 2317 ± 311 u/L and 735 ± 454 u/L 
in 3 EPO groups, respectively. On the other hand, no 
statistically significant difference was found between the 
ANP and EPO groups with respect to the time intervals 
(P > 0.05). The serum levels of IL-6 were significantly 
lower in 3 EPO groups than in 3 ANP groups 
(P = 0.001 for each). The IL-6 value (mean ± SD) was 
24.4 ± 3.26 pg/mL, 27.7 ± 3.74 pg/mL and 33.2 ± 2.1 
pg/mL respectively in 3 ANP groups, and 12.2 ± 2.15 
pg/mL, 12.8 ± 1.89 pg/mL and 13.8 ± 3.24 pg/mL 
respectively in 3 EPO groups. We did not observe any 
statistically significant difference in IL-2 values among 
_ these groups (7.4 ± 2.88 pg/mL vs 7.7 ±3.17 pg/mL, 
" 9.3 ± 2.74 pg/mL, 7.2 ± 3.1 pg/mL, 6.9 ± 2.04 pg/mL, 
7.7 ± 2.93 g/mL and 10.6 ± 3.9 pg/mL, P > 0.005 for 
each). The mean ± SD values of serum amylase, IL-2, IL-6 
and tissue MDA are listed in Table 2. 

Lung tissue MDA assay: Pulmonary injury in ANP 
groups was characterized by an increase in lung tissue 
MDA levels, an indicator of lipid peroxidation. The lung 
tissue MDA levels were significantly reduced in EPO 
groups at 24 h, 48 h, and 72 h, when compared to ANP 
groups (P < 0.0001). The MDA value (mean ± SD) was 
45.9 ± 6.8 nmol/gr tissue, 49.3 ± 9.5 nmol/gr tissue, and 
58.8 ± 9 nmol/gr tissue respectively in 3 ANP groups 
and 14.7 ± 2.1 nmol/gr tissue, 21.2 ± 2.7 nmol/gr tissue, 
and 30.4 ± 2.1 nmol/gr tissue respectively in 3 EPO 
groups. A statistically significant increase in MDA values 
was noted at 24 h-72 h (45.9 ± 6.8 nmol/gr tissue /•/ 

58.8 ± 9 nmol/gr tissue, and 14.7 ± 2.1 nmol/gr tissue /•/ 
30.4 ± 2.1 nmol/gr tissue, P < 0.0001) and 48 h to 72 h 
(49.3 ±9.5 nmol/gr tissue vs 58.8 ± 9 nmol/gr tissue and 
21.2 ± 2.7 nmol/gr tissue vs 30.4 ± 2.1 nmol/gr tissue, 
P = 0.001) in either ANP or EPO groups. The mean 
MDA value was higher at 72 h. In comparison with 
sham group, the MDA levels were significantly higher 
in all the other groups (8.5 ± 3.1 nmol/gr tissue vs 

45.9 ± 6.8 nmol/gr tissue, 49.3 ± 9.5 nmol/gr tissue, 
58.8 ± 9 nmol/gr tissue, 21.2 ± 2.7 nmol/gr tissue, and 
30.4 ± 2.1 nmol/gr tissue, P < 0.001 for each) except for 
EPO groups at 24 h (8.5 ± 3.1 nmol/gr tissue vs 14.7 ± 2.1 
nmol/gr tissue, P = 0.224) (Figure 2). 
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12.2 ±2.15 
6.9 ±2.04 
14.7 ±21 


2317 ±311 
128 ±1.89 
7.7 ±293 
212 ±27 


735*454 
133 ±3.24 
10.6 ±3.9 
30.4 ±21 




Figure 3 Light microscopic view of immunohistochsmica! staining for tntracefluter accumulations of TNF-a and tl-6 in the lung sections ofANP groups (A and B) and EPO 
groups {C and 0) at 72 h. Arrows indicate the significantly positive staining in ANP groups (A and B) and less intensive irrmtnunorrisJotAemicaf staining in EPO groups (C 
and D). 



Immunohistochemical screening: The intracellular 
accumulation of TNF-a and IL-6 was evident in the lung 
dssues of ANP groups (Figure 3A and B) when compared 
to EPO groups, particularly at 72 h (Figure 3C and D). No 
significant difference in IL-2 accumulation was detected 
among the groups. 

Immune-fluorescent screening of ox-LDL: As we did 

not observe any positive immunofluorescent staining either 
in pancreas or in lung tissue of sham and EPO groups, a 
significant positive staining for ox-LDL was determined in 
ANP groups, which became much evident at 72 h (Figure 
4AandB). 



Histopathologic analysis 

Alveolar distention and collapse: Alveolar distention 
and collapse were significantly intense in ANP groups at 
24 h, 48 h and 72 h when compared to EPO groups (P < 
0.0001). The alveolar distention and collapse scores (mean 
± SD) for ANP and EPO groups calculated at 24 h, 48 h 
and 72 h were 0.85 ± 0.69, 1.57 ± 0J8, and 1.71 ± 0.75 rs 
0.71 ± 0.75. I ± 0.57 and 0.42 ± 0.53 respectively. Only 
ANP groups demonstrated a significant difference at 72 h 
in comparison with sham (1.71 ± 0.75 vs 0.4 ± 0.54, P = 
0.03) (Figure 5A). 

Alveolar edema index; Alveolar edema index was 
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Figure 4 Lung tissue sections from EPO groups and ANP groups showing no fluorescent staining (A) and positive fluorescent staining (B) at 72 h. Arrows indicate the 
accumulation areas of ox-LOL in the lung. 




significantly different both in ANP groups and in EPO 
groups depending on the rime course (P = 0.002). Alveolar 
edema was more intense in ANP groups at 48 h and 72 h, 
when compared to EPO groups (0.24 ± 0.05 vs 0.18 
± 0.03, P < 0.05 and 0.28 ± 0.03 vs 0.13 ± 0.04, P < 
0.01). Moreover, at 72 h the mean alveolar edema index 
determined was the highest in ANP groups and the lowest 
in EPO groups (0.28 ± 0.03 vs 0.13 ± 0.04). In comparison 
with sham group, ANP groups had a significantly increased 
mean alveolar edema index at 24 h t 48 h and 72 h (0.1 ± 0.02 
vs 0.2 ± 0.08, P = 0.019; 0.1 ± 0.02 r/0.24 ± 0.05. P = 0.001; 
and 0.1 ± 0.02 vs 0.28 ± 0.03, P = 0.0001; respectively). On 
the other hand, no statistically significant difference was 
detected between sham group and EPO groups at 48 h 
and 72 h (0.1 ± 0.02 vs 0.18 ± 0.03, P = 0.149 and 0.1 ± 0.02 



vs 0.13 ± 0.04, P ~ 0.968), which might propose that EPO 
treatment could decrease alveolar edema index at 48 h and 
72 h (Figure 5B). 

Alveolar ceUularity index: Alveolar cellularity index was 
significantly different in either ANP groups or in EPO 
groups depending on the rime course (P = 0.0 1 1). There 
was no significant difference in alveolar cellularity index 
between ANP and EPO groups at 24 h (17.42 ± 9.16 
vs 16.71 ± 8.61, P > 0.05), whereas the mean value for 
ANP groups was significantly increased at 48 h and 72 h 
(29.14 ± 8.39 /•/ 19.85 ± 5.89, P < 0.05 and 32 ± 6.42 vs 
12.71 ± 7.11, P < 0.01). Additionally, the mean alveolar 
cellularity index at 72 h was the highest in ANP groups 
and the lowest in EPO groups (32 ± 6.42 vs 1Z71 ± 7.1 1). 
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Groups 


Sham 


AN PI 


ANP2 


ANP3 


EPOI 


IfOi 


EF03 


Alveolar distention collapse 
Alveolar edema index 
Alveolar cellularity index 
PMNL cell index 


0.41054 
0.1 * 0.02 

n.4 ±ai4 

13±1.78 


0.85*0*9 
0.2*0X38 
17.42 ±9.16 
6*331 


157 ±0.78 

0.24 1 0.05 
29.14*839 
8.14 ±3.48 


1.71 ±0L75 
0.28*0.03 
32±6.42 
11.14*355 


0.71 ±0.75 
0.2 ±0.04 
16.71 ±8.61 
4.71 ±236 


1±057 
0.18 ±0.03 

335 ±2.19 


042 ±053 
0.13 ±0.04 
li7l±7.U 
137 ±1.61 




Compared with sham group, alveolar cellularity index was 
significandy increased in only ANP groups at 48 h and 72 h 
(11.4 ± 8.14 ps 29.14 ± 8.39, P = 0.006 and 11.4 ± 8.14 
vs 32 ± 6.42, P = 0.001). This might suggest that EPO 
administration following ANP could decrease alveolar 
cellularity index at 48 h and 72 h (Figure 5Q. 

PMNL index: A statistically significant difference was 
observed in PMNL index between ANP and EPO groups 
with respect to the time intervals (P = 0.009). PMNL 
index was similar either in ANP groups or in EPO groups 
at 24 h (6 ± 3.51 vs 4.71 ± 2.36, P > 0.05). However, 
EPO treatment significantly decreased the mean PMNL 
index at 48 h and 72 h (8.14 ± 3.48 ps 3.85 ± 2.19, P < 
0.05 and 11.14 ± 5.55 n 1.57 ± 1.61, P < 0.01). The mean 
± SD value at 72 h was the greatest in ANP groups and 
the lowest in EPO groups (11.14 ± 5.55 vs 1.57 ± 1.61). 
There was no statistically significant difference in PMNL 
index at 24 h, 48 h and 72 h between ANP and EPO 
groups (1.8 ± 1.78 r/4.71 ± 2.36, P= 0.315; 1.8 ± 1.78 vs 
3.85 ± 2.19, P = 0.930; and 1.8 ±1.78 * 1.57 ± 1.61, P = 



1.00, respectively), whereas ANP induction resulted in an 
increased PMNL index at 48 h and 72 h (1.8 ± 1.78 vs 8.14 
± 3.48, P = 0.028 and 1.8 ± 1.78 vs 11.14 ± 5.55, P = 0.0001, 
respectively) but not at 24 h (1.8 ± 1.78 vs 6 ± 3.51, P = 
0.725). This might be explained as EPO administration 
could decrease PMNL index at 48 h and 72 h (Figure 5D). 
The histopathological indexes of lung injury (mean ± SD) 
arc listed in Table 3. The representative light microscopic 
views of lung injury at 48 h and 72 h, and inecrotizing 
pancreatitis with severe fatty necrosis in ANP and EPO 
groups are shown in Figures 6 and 7. According to the 
above-mentioned criteria, it might be speculated that 
EPO administration could alleviate pulmonary injury by 
decreasing alveolar edema, alveolar cellularity and PMNL 
indexes at 48 h and 72 h following taurocolic acid-induced 
pancreatitis. The effect of EPO on alveolar distention and 
collapse was restricted at 72 h. 

DISCUSSION 

ANP is an inflammatory disorder with various systemic 
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Figure 7 Light microscopic view of pancreatitis with severe fatty necrosis. 



complications. ALI and ARDS are the most dreadful 
complications of ANP and impending catastrophe which is 
difficult to deal with clinically. Various medications directed 
at key stages of the pathophysiology are not clinically 
efficacious as indicated in the preceding experimental 
trials 1231 . Therefore, therapies for preventing or reversing 
lung injury would be ideal for the treatment of AP ,,,2 * 2, ' 24 " 2 * , . 

Randomized studies of AP in the clinical setting do 
have limitations. In this regard, reliable AP animal models 
are of paramount importance. Taurocholate infusion 
model is a well-established ANP rat model that induces 
multiple organ failure involving the lung 1 *' 1 . Moreover, 
Milani et ar l found that mechanical and morphologic 
alterations in pancreatitis-associated pulmonary injury in 
rats are similar to those observed in humans. 

The pathophysiology of ALI/ARDS and most 
of other pulmonary complications is multifactorial in 
ANP. The major pathway is the induction of a strong 
inflammatory response both in experimental models 
and in patients 1 "' 1 . Regardless of the priming process, 
the disease progression can be viewed as three phases 
in continuum: local inflammation of the pancreas (a 
generalized inflammation stage and SIRS), and the final 
stage of multiorgan dysfunction 1 " 4 * 251 . The first sign of 
MODS is often the impaired lung function that manifests 
itself clinically as AROS^" 25 -*' 1 . SIRS is one of the crucial 
reasons for pancreatitis-associated lung injury and PMNL 
plays a central role with various inflammatory cytokines 
and reactive oxygen species (ROS) 1 "'**' 1 . Many researchers 
have focused their efforts on preventing AP- induced 
lung injury by pharmacologic interventions. Attractively, 
recent works have discovered the potential role of EPO 
as a multifunctional endogenous mediator offering 
cytoprotective effect against injury in various tissues 
including lung ,,6 * , '\ In multiple species including humans, 
many tissues injured by ischemia, mechanical trauma, 
excitotoxins, and other stressors are significandy improved 
by administration of EPO following injury . The 
presence of a therapeutic window dictates specific time 
constraints for efficacious administration of exogenous 
EPO as a cytoprotectant 15 *. According to this hypothesis 
we administered EPO immediately following the induction 
of pancreatitis and evaluated its effect in three different 
time courses. 



The principle mechanism by which EPO confers 
tissue protection involves the modulation of cellular 
apoptosis. EPO inhibits the apoptotic mechanisms of 
injury, including preservation of cellular membrane 
asymmetry to prevent inflammation, can therefore be 
regarded as a general tissue-protective cytokine 1 " ,,iU| . 
Agents that can prevent apoptosis can be effective long 
after the occurrence of injury 1 * 1 . This phenomenon might 
describe the long protective effect of EPO on lung injur)' 
in our study, particularly at 48 h and 72 h. VCe would also 
like to emphasize that, in patients with a severe attack, the 
effects of distant organ damage including lung injury, are 
often not fully established and become apparent only over 
the following 48 h. There is thus a therapeutic window 
between hospital presentation and development of distant 
organ dysfunction. As an obvious time window existed 
in this process, therapeutic approach should focus on it 
during this period. From this assumption, the animals 
were sacrificed on postoperative hours 24, 48 and 72 for 
histopathologic and biochemical evaluations in our study. 

Another crucial determinant for observing the 
cytoprotective effect of EPO is the serum concentration. 
The serum concentration of EPO required for tissue 
protection is higher than that required for erythropoiesis. 
Preclinical data suggest that the minimum therapeutic 
level needed for protection against tissue injury appears 
to be 300-500 mlU/kg body weight (intravenously 
or intraperitoneally) for the organs to be adequately 
investigated. EPO administration (100-1000 U/kg 
body weight) achieves possible systemic protective 
effects whereas high doses of EPO (3000-5000 U/kg 
body weight) are necessary for cardioprotection and 
neuroprotectin ,v,) . According to this, we administered EPO 
at the dose of 1000 mlU/kg body weight to observe the 
cytoprotective effects. 

EPO plays a dual role in vascular protection by 
preserving endothelial cell integrity ,w, , thus playing a role 
in maintaining the integrity of microvasculature 1 n . One of 
the major factors for the development of alveolar edema 
in ANP is the increased microvascular permeability. The 
experimental protocol we performed let us to measure 
the amount of edema within alveoli. We used alveolar 
edema index and alveolar distension and collapse index as 
markers of ALI according to the previous observations 
suggesting that histologic evidence of pulmonary tissue 
injury can appear before the development of clinically 
relevant respiratory mechanical changes 1221 . We prefer three 
different time courses, since pulmonary injury indexes are 
quite intense in taurocolic acid induced acute pancreatitis 
on d I and 3, some of which persist through d 8 |2;| . In 
the present study, pulmonary edema, alveolar cellularity 
index and PMNL index (pulmonary injury index) were 
significantly reduced in EPO groups at 48 h and 72 h, 
suggesting that EPO can preserve endothelial cell integrity. 

Oxidative stress has been implicated as a crucial 
landmark by increasing endothelial permeability in 
ARDS 11 '. ROS scavengers possess protective effect against 
local acute pancreatitis-associated with lung injury 351 . 
In addition to other effects, EPO has been demonstrated 
in various tissues to be an antioxidant as it can decrease 
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the plasma iron concentration and increase the ability of 
plasma to inhibit lipid peroxidation 1 * 0 In the present 
study, we determined the tissue levels of thiobarbituric acid 
reactant MDA, which is considered a good indicator of 
lipid peroxidation, and found a significant decrease in EPO 
group when compared to ANP groups in all three time 
courses. This might be attributed to the antioxidant effect 
of LPO. Furthermore, the tissue damage induced by ANP 
was associated with a significant ox-LDL accumulation 
either in pancreas samples or in lung tissue specimens. Ox- 
LDL is an early product of lipid peroxidation and ox-LDL 
accumulation in pancreatitis is associated with lung injur)'. 

At present, the role of inflammatory mediators in 
the pathogenesis of ARDS has become a hot issue 
in the research field. EPO has been demonstrated to 
prevent cellular inflammation by inhibiting several 
proinflammatory cytokines, such as 1L-6, TNF-a, and 
monocyte chemoattractant protein 1 M \ Attractively, these 
effects of EPO can be mediated by both hormonal and 
paracrine modalities 1 *\ There is mounting evidence that 
proinflammatory cytokines are the agents behind the 
systemic complications of AP ,UI . It was reported that 
systemic inflammation plays a role in development of 
AL1 triggered by pancreatitis 1 v \ The critical players of 
this process include proinflammatory cytokines including 
IL-lp, TNF-a, IL-6, IL-8, and platelet activating factor 
(PAF) 120 '. Among these, the serum and/or tissue levels 
of TNF-a, IL-2 and IL-6 were analyzed in this study. 
Regardless of the model of acute pancreatitis, inhibition 
of the potent cytokine TNF-a might decrease organ injury 
and improve survival^. The tissue levels of TNF-a in the 
lungs were analyzed with immunohistochemical staining. 
Since no quantitative analysis was possible unavailable 
techniques, we evaluated this parameter not statistically but 
morphologically. IL-6 is another proinflammatory cytokine, 
and its high circulating level has been shown to be an 
excellent predictor of the severity of ARDS with different 
etiologies, including AP Hn| . Moreover, IL-6 has been 
proposed to be one of the best prognostic parameters for 
pulmonary failure in human AP* 30, '. Mayer et <// HM have 
confirmed the important role of soluble IL-2 receptors (a 
lymphocyte activation marker), as a marker for severe AP, 
especially when complicated by lung or kidney failure or 
sepsis during lethal course of the disease ,4M . In the present 
study, pulmonary injur)' in ANP groups was characterized 
by the increased serum or tissue IL-6 and TNF-a level. 
EPO treatment significantly decreased IL-6 and TNF-a 
level which might be due to the antiinflammatory 
properties of its molecule. However, we did not determine 
a statistically significant difference in the IL-2 level among 
the groups. This result might reflect the ineffectiveness of 
EPO on lymphocyte activity. 

In conclusion, EPO administration plays a crucial role 
in preventing histological changes of A LI induced by 
experimental ANP. Moreover, it can significandy reduce 
the circulating and tissue levels of proinflammatory 
cytokines which have been considered the key factors 
for ALL Additionally, oxidative stress markers are 
decreased particularly at 72 h following the induction of 
pancreatitis that might be attributed to the long-lasting 



antioxidant effect of EPO. All these findings show that 
EPO can attenuate ANP-induced lung injury by inhibiting 
PMNL accumulation, decreasing the circulating levels 
of proinflammatory cytokines, preserving microvascular 
endothelial cell integrity and reducing oxidative stress- 
associated lipid peroxidation. Years of clinical application 
in patients with anemia and chronic renal disease indicate 
that EPO is safe and well tolerated and can act as an 
ideal cytoprotcctive agent 1 ,42 ' 4 ^. Nevertheless, the issue 
which should also be taken into consideration is that 
EPO is not an absolutely innocent agent with subsequent 
clinical toxic effects. Therefore, it would be of value to 
investigate its pharmacodynamics, pharmacokinetics, side- 
effects, administration routes and doses before used as a 
potential candidate for the treatment of ANP-associated 
ALI in routine clinical practice. In other words, this is a 
preliminary study and more experiments are necessary for 
the efficacy and potentially cytoprotective mechanisms of 
EPO action. 



COMMENTS 



Background 

Pulmonary complication is the major cause (or mortality in acuta necrotizing 
pancreatitis (ANP). Since no absolutely effective treatment is available at present, 
therapies for preventing or reversing lung injury would be ideal for the treatment of 
AP. 

Research frontiers 

Erythropoietin (EPO) has long been known as a glycoprotein hormone that 
regulates erythropoiesis m mammals. Beyond its hematopoietic properties, 
EPO modulates a broad array of vital cellular processes including progenitor 
stem ceU development, cellular Integrity, and angtogenesis. EPO has recently 
been demonstrated to play a role in prolonging ceil survival by acting as an 
antiapopitotic agent EPO Inhibits the apoptotic mechanisms of injury including 
preservation of cellular membrane asymmetry to prevent inflammation, and 
can therefore be regarded as a general tissue-protective cytokine. Additionally, 
experimental evidence supports a vigorous cytoprotective effect of EPO, which 
is now considered to have appfeabflity in a variety of disorders, such as cerebral 
ischemia, myocardial infarction, and chronic congestive heart failure. 

Related publications 

The present study was an experimental study addressing the beneficial effects 
of EPO on lung injury. We cited several articles from other investigators reporting 
researches of EPO action on various tissues including lungs. 

Innovations and breakthroughs 

Recent works have discovered the potential rote of EPO as a multifunctional 
endogenous mediator offering cytoprotective effect against injury in various 
tissues including the lungs. Pretreatment with EPO appears to attenuate ischemia- 
reoerfosion-induced lung injury and hyperoxfc lung injury in neonatal rats. From 
this point of view we evaluated the potential protecting effects of EPO against 
acute lung injury in a rat model of ANP. Our data show that EPO administration 
can alleviate pulmonary injury parameters in experimental pancreatitis. 

Applications 

The impending catastrophe In ANP is generally preceded by acute lung Injury. 
Despite improved understanding of the pathogenesis of ARDS, r^armacotogical 
modalities are ineffective in decreasing its mortality. None of the randomized 
clinical trials using novel therapeutic agents has demonstrated an Improvement in 
patient outcome. The verification of cytoprotective effects of EPO on acute lung 
injury in a model of experimental pancreatitis might shed some valuable light on 
the novel effective therapeutic interventions. 

Terminology 

Erythropoietin (EPO), a 30.4-kDa glycoprotein and a member of the type 1 
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cytokine superfamfly, was first introduced as a hormone that regulates erythroid 
progenitors within the bone marrow to mature into erythrocytes, through binding 
to its specific celt surface receptors. Acute necrotizing pancreatitis (ANP) 
is a life-threatening necroinflarnmatory disease of pancreas with significant 
morbidity and mortality rates. Acute lung injury (ALI) is one of the most dreadful 
complications of AP which might be described as the continuum of pathological 
responses to pulmonary parenchymal injury. Acute respiratory distress syndrome 
(AROS) is a severe form of ALI and acute pulmonary inflammation syndrome 
and resultant increased capillary endothelial permeability with clinical features 
of severe dyspnea and extreme hypoxemia refractory to a high inspired oxygen 
concentration. 

Peer review 

This is a weD-destgned and interesting study about the beneficial effects of EPO 
on lung Injury in an experimental model of ANP. Since this is a preliminary study 
as discussed by the authors, more comprehensive experiments should be carried 
out to reveal the underlying cellular mechanisms of EPO's cytoprotectrve sctton 
against lung Injury. 
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Post-ischemic treatment with erythropoietin 
or carbamylated erythropoietin reduces infarction 
and improves neurological outcome in a rat model 
of focal cerebral ischemia 
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1 Department of Neurology, Henry Ford Health Science Center, Detroit, MI, USA; 2 CNS Research Team, Johnson & Johnson 
Pharmaceutical Research 6c Development, Spring House, PA, USA; * Department of Biostatistics and Research Epidemiology, Henry 
Ford Health Science Center, Detroit, MI, USA; 4 Protein Design, Centocor, Radnor, PA, USA and department o f Physics, Oakland 
University, Roctiester, MI, USA 



Background and purpose: Recombinant human erythropoietin (rhEPO; Epoetin-*; PROCRrT™) has been shown to exert 
neuroprotective and restorative effects in a variety of CNS injury models. However, limited information is available regarding 
the dose levels required for these beneficial effects or the neuronal responses that may underlie them. Here we have 
investigated the dose-response to rhEPO and compared the effects of rhEPO with those of carbamylated rhEPO (CEPO) in a 
model of cerebral stroke in rats. 

Experimental approach: Rats subjected to embolic middle cerebral artery occlusion (MCAo) were treated with rhEPO or 
CEPO, starting at 6h and repeated at 24 and 48 h, after MCAo. Cerebral infarct volumes were assessed at 28 days and 
neurological impairment at 7, 14, 21 and 28 days, post-MCAo. 

Key results: rhEPO at dose levels of 500, 1150 or 5000 IU kg -1 or CEPO at a dose level of 50/jgkg"* 1 significantly reduced 
cortical infarct volume and reduced neurologic impairment All doses of rhEPO, but not CEPO, produced a transient increase in 
haematocrit, while rhEPO and CEPO substantially reduced the number of apoptotic cells and activated microglia in the 
ischemic boundary region. 

Conclusions and implications: These data indicate that rhEPO and CEPO have anti-inflammatory and anti-apoptotic effects, 
even with administration at 6 h following embolic MCAo in rats. Taken together, these actions of rhEPO and CEPO are likely to 
contribute to their reduction of neurologic impairment following cerebral ischemia. 

British Journal of Pharmacology (2007) 151, 1377-1384; doi:1 0.1 038/sj.bjp.070 7285; published online 2 July 2007 



Keywords: MCAo; EPO; CEPO; microglia; infarct volume; neurobehavioural outcome 

Abbreviations: CEPO, carbamylated EPO; EPOR, EPO receptor; MCAo, middle cerebral artery occlusion; rhEPO, recombinant 
human erythropoietin 



Introduction 

Erythropoietin (EPO) is a naturally occurring cytokine most 
widely recognized for its role in stimulating the maturation, 
differentiation and survival of haematopoietic progenitor 
cells (Naranda et al, 1999; Wojchowski et aL, 1999). 
Recently, however, a more general cytoprotective role for 
EPO has been described. In the central nervous system 
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(CNS), for example, expression of EPO and the EPO receptor 
(EPOR) is greatly increased in neurons, neuronal progenitor 
cells, glia and cerebrovascular endothelial cells in response to 
many different types of cell injury (Anagnostou et al, 1990; 
Masuda et at., 1994; Bernaudin et aL, 1999; Marti, 2004; 
Wang et al t 2004; Tsai et at., 2006). Inhibition of EPO activity 
by administration of soluble EPOR worsens the severity of 
injury (Sakanaka et al., 1998), suggesting that endogenously 
produced EPO is directly involved in an intrinsic neuronal 
repair pathway. In the best-studied experimental neuronal 
injury paradigm, hypoxic-Ischaemic brain injury, an upre- 
gulanon of neuronal, endothelial and glial EPO and EPOR 
expression occurs following cerebral ischaemia (Lewczuk 
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et al, 2000; Sinor and Greenberg, 2000; Siren et al, 2001; 
Marti, 2004; Maiese et al, 2005). Administration of exogen- 
ous recombinant human EPO (rhEPO) after focal or global 
cerebral ischaemia (Sadamoto et a!., 1998; Sakanaka et al, 
1998; Brines et al, 2004; Leist et al, 2004), augments the 
cytoprotectlve and restorative EPO response pathway leading 
to a substantial improvement in neurobehavioural outcome. 
The neuroprotective and restorative activity of exogenous 
EPO in rodent ischaemia models has been documented in 
studies published by several independent laboratories and 
has also translated into the human clinical setting where 
evidence for a clinical benefit of rhEPO in patients suffering 
middle cerebral artery (MCA) territory stroke has been 
reported (Ehrenreich et at., 2002). 

Carbamylated EPO (CEPO) has been observed in patients 
suffering from end-stage renal disease (Mun and Golper, 
2000; Park et al, 2004). CEPO does not show any binding to 
the classical EPOR in vitro or stimulate an haematopoietic 
response in vivo, but nevertheless has been shown to exert 
neuroprotective effects when administered following cerebral 
ischaemia or other types of neuronal injury (Leist et at., 2004). 
Although the specific cellular mechanisms responsible for the 
cytoprotectlve activity of CEPO, and the relationships 
between signalling pathways that mediate the beneficial 
effects of rhEPO and CEPO remain to be fully elucidated, 
the protective effects of CEPO may involve signalling through 
the common preceptor (CD 131) (Brines etal, 2004). 

Although the beneficial effects of exogenous rhEPO and 
CEPO have been demonstrated in a range of cerebral 
ischaemia models, investigators frequently use high doses 
of rhEPO (typically SOOOIUkg-') in these studies. As this 
dose of rhEPO is far greater than that required to evoke 
haematopoietic response, there remains a need for a 
systematic investigation of the dose levels, treatment 
window and treatment interval that are required for efficacy 
in these models. Moreover, the levels of peripherally 
administered EPO or CEPO that reach brain tissue in models 
of cerebral ischaemia have not been reported, highlighting 
the need to establish a link between peripheral intravenous 
dose and brain levels of drug. In the present study, we 
examined the dose-response to EPO and CEPO in an embolic 
model of MCA occlusion (MCAo) stroke, using a repeated 
dosing protocol that parallels the dosing regimen reported to 
show clinical benefit in human stroke patients (Ehrenreich 
et at., 2002). We examined the effects of rhEPO or CEPO 
treatment on neurobehavioural outcome and volume of 
infarction, when the treatment was initiated 6 h after MCAo. 

Methods 

All experimental procedures were approved by the Henry Ford 
Hospital Committee for the Care of Experimental Animals. 

Model of embolic MCAo 

Male Wistar rats (The Jackson Laboratory, Bar Harbor, ME, 
USA) weighing 3S0-400g were employed in the present 
study. The MCA was occluded by placement of an embolus at 
the origin of the MCA, as described previously (Zhang et at., 
1997). This model frequently exhibits spontaneous clot lysis 



and reperfusion within 24-48 h following MCAo (Zhang 
et at., 1997; Jiang et al, 1998). 



EUSA measurements of rhEPO and CEPO levels 
Brain homogenate supernatant, plasma and cerebrospinal 
fluid (CSF) samples were used for measurement of rhEPO or 
CEPO levels using a human EPO Quantikine Cytokine IVD 
enzyme-linked immunosorbent assay (EL1SA) kit (R&D 
Systems, Minneapolis, MN, USA). As the antibodies used in 
this kit show reduced affinity for CEPO, a standard curve was 
generated using CEPO as the target antigen and a correction 
factor was calculated to adjust the ELISA results to account 
for the reduced antibody sensitivity. The lower limit of 
detection in the EPO ELISA was ^SmlUml" 1 . 



Neurological and behavioitral assessment 
To detect sensorimotor impairments, an array of behavioural 
tests including foot-fault and the modified neurological 
severity score (mNSS) were performed before MCAo and at I, 
3, 7, 14, 21 and 28 days after MCAo by an investigator not 
aware of the treatments. These tests are sensitive and reliable 
indices of sensorimotor impairments after ischaemic stroke 
and have been applied extensively in our laboratory to assess 
neurological outcome following MCAo in rats (Chen et al, 
2003; Wang et al, 2004; Zhang et al, 2005). 



Infarct volume 

Rats were killed 28 days after MCAo and infarct volume was 
measured on seven equally spaced (2 mm) haematoxylin and 
eosin-stained coronal sections, which covers the entire 
territory supplied by the MCA (Bregma; 4.7 to -7.3 mm), 
including the ischaemic core, were used for each rat using a 
Global Lab Image analysis program (Data Translation, 
Marlboro, MA, USA), as described previously (Paxinos and 
Watson, 1986; Zhang et al., 1997). Briefly, the area of both 
hemispheres and the area containing the ischaemic neuronal 
damage (mm 2 ) were calculated by tracing the area on the 
computer screen. The lesion volume (mm 3 ) was determined 
by multiplying the appropriate area by the section interval 
thickness. To reduce errors associated with processing of 
tissue for histological analysis, the Ischaemic volume is 
presented as the percentage of infarct volume of the 
contralateral hemisphere (indirect volume calculation). 



Histology and terminal deoxynucleotidyl transferase-mediated 
biotinylated UTP nick end labelling 

To examine the effect of EPO on microglial response, 
deparaffinized coronal sections were histochemically stained 
with peroxidase-Iabeled isolectin-B 4 from Griffonia simptici- 
folia seeds (GS AI-B 4 -HRP; Sigma, St Louis, MO, USA; Zhang 
et al, 1997c). Briefly, the sections were incubated with 
isolectin (20mgml" ! ) in phosphate-buffered saline (PBS) 
containing divalent cations at room temperature for 3 h and 
then overnight at 4 C. Sections were then reacted with 
diaminobenzidlne and H 2 0 2 to generate orange-brown 
reaction product at sites of isolectin-B4 binding. Eight fields 
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of view within the ischaemic boundary, defined as an area 
0.35 mm away from the infarct rim # were acquired from each 
coronal section. Four coronal sections from Bregma (0.7 to 
-1.3 mm), which cover the ischaemic core were used for 
each rat (Paxinos and Watson, 1986; Zhang et al, 1997). Data 
are presented as percentage of pixels with isolectin-B4 within 
the field of view. To measure the number of apoptotic 
cells, deoxynucleotidyl transferase-mediated biotinylated 
UTP nick end labelling (TUNEL) was performed using the 
Apotosis Detection Kit (ApopTag; Chemicon International, 
Temecula, CA, USA) according to the manufacturer's 
protocol. Total number of TUNEL-positive cells in the 
ischaemic boundary region was counted on four 
coronal sections per rat. Data are presented as the number 
of TUNEL-positive cells. 

Haematocrit 

To determine each animal's haematocrit, a blood sample 
(100/d) was drawn via a tail vein immediately before the 
initial drug dose treatment and again once per week up to 28 
days after MCAo. Haematocrit was measured in microcapil- 
lary tubes using standard procedures (Readacrit Centrifuge, 
Clay Adams, Parsippany, NJ, USA). 

Experimental protocols 

(1) To determine brain levels of EPO and CEPO: MCAo rats 
were treated (intravenous) with a bolus dose rhEPO of 
1000, 2500, 5000 and 10 000 IU kg" 1 or CEPO of 5 and 
50 //g kg' 1 administered 6 h after MCAo. MCAo rats treated 
with the same volume of saline were used as a control 
group. Thirty minutes after administration of rhEPO or 
CEPO, plasma (400-500jd) and CSF (250-300^1) samples 
were obtained via tail vein bleed or cistema magna 
puncture, respectively. Immediately following blood and 
CSF collection, animals were perfused with ice-cold saline, 
and their brains were removed, separated into left and 
right hemispheres and stored frozen on dry Ice. Brains were 
subsequently thawed, homogenized in 1 ml ice-cold PBS 
containing a protease inhibitor cocktail (Sigma-Aldrich, 
St Louis, MO, USA) and centrifuged at 1000$ for I5min 
at 4'C to pellet nuclei and cellular debris. 

(2) To examine the dose response of EPO and CEPO on 
infarct volume and functional outcome, following 
embolization animals were randomly divided into treat- 
ment groups (w= 10 per group) and were treated 
(intravenous, tail vein) with rhEPO at a dose level of 
50, 500, 1150 or 5000 IU kg* 1 , CEPO at a dose of 
50/igkg" 1 or vehicle (vehicle was PROCRIT* formula- 
tion: 2.5 mg human serum albumin, 5.6 mg sodium 
citrate, 5.6 mg NaCl, 0.06 mg citric acid in 100 ml sterile 
water (pH 6.9)). Treatment was initiated 6h after 
embolization. For each dose level, an intravenous bolus 
dose of rhEPO, CEPO or vehicle was given 6, 24 and 48 h 
after MCAo. The injection volume was 0.32-0.37 ml per 
rat based on 0. 1 ml lOOg* 1 animal body weight. Activity 
units of rhEPO can be converted to mass units based 
on the formula 120IU = l/ig protein. Therefore, 
500IUkg- 1 = 4.16/igkg- 1 ; lOOOIUkg" 1 =8.32/igkg-'; 
2500 IU kg 1 = 20.8 ,*g kg" 5000 IU kg 1 - 41.6 ^g kg' 1 . 



Statistics 

Data were evaluated for normality and data were not 
normally distributed. The Generalized Estimating Equation 
(GEE) approach, considered to have less restriction on data 
distribution, was employed. Analysis of variance was used to 
study the effects of treatment, dose and time to first dose on 
functional recovery. An analysis was performed for each 
treatment group (rhEPO or CEPO) in comparison to the 
vehicle control group, respectively. Analysis began testing 
the treatment/dose by administration time interaction, 
followed by testing the main effect if no interaction was 
detected at P<0.05 level, or a pair-wise comparisons, if 
otherwise. All data are presented as means±s.e. Statistical 
significance was set at P<0.05. 

Drugs 

In this paper, rhEPO refers specifically to Epoetin-Alfa 
(PROCRIT; distributed by Ortho Biotech Product, LP, Bridge- 
water, NJ, USA as the finished commercial product 
(10000 lUmP 1 ). Doses used in these studies were drawn by 
syringe directly from the commercial drug vial. Ail other 
reagents were obtained from standard commercial vendors 
except where noted otherwise. 

Carbamylated rhEPO (CEPO) was prepared from 50 ml of 
rhEPO (2.0mgmr ! ), obtained from Ortho Biologies Inc. 
(Manati Puerto Rico). Stock rhEPO was diluted with 50 ml of 
1 M borate buffer (pH 8.8). To this solution was added 8.1 g of 
potassium cyanate, recrystallized from ethanol. The reaction 
mixture was Incubated at 37'C for 24 h and then dialysed 
twice against 3.5 1 of water, and five additional times against 
3.51 of sodium citrate (20 mM, 0.1m NaCl (pH 6.0)). The 
resulting solution was concentrated using a Centricon 
centrifugal concentrator to a final volume of 28 ml. The 
concentration was determined to be 3.47 mg ml' 1 using an 
extinction coefficient of 0.1%= 1.345. This concentrated 
material was analysed by size exclusion high-performance 
liquid chromatography, polyacrylamide gel electrophoresis 
gel electrophoresis (4-12% gel), and surface-enhanced laser 
desorption ionization mass spectroscopy (SELDI-MS). The 
protein was de-glycosylated for mass spectrometry studies as 
follows: 10/i! Rapigest (Waters Corp., Milford, MA, USA) 
(2mgml" 1 in PBS), 3/j1 NP-40 detergent (15%), 4^1 ethanol, 
4/il each of PNGase, sialidase and O-glycanase (all from 
Prozyme Inc., San Leandro, CA, USA) were added to 10^1 of 
CEPO or an EPO control sample and incubated for 72 h at 
37 C Both de-glycosylated and glycosylated samples were 
analysed by SELDI-MS. The mass spectrum of de-glycosylated, 
carbamylated EPO showed an increase of 368 amu over de- 
glycosylated EPO, corresponding to an average of 8.6 
carbamoyl groups per molecule (EPO has eight lysines and 
a free N terminus). Trinitrobenzene sulphonlc acid analysis 
was unable to detect any free amino groups. 

Results 

Intravenous rhEPO and CEPO cross the blood-brain barrier 
following MCAo 

As the antibodies used in the ELISA assay to quantitate 
rhEPO in this study are specific for human EPO, endogenous 
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rat EPO docs not contribute to the observed drug levels and 
therefore neither CEPO nor EPO was detected in plasma or 
brain of rats treated with saline. High levels of rhEPO and 
CEPO were detected in plasma, and measurable levels of the 
corresponding protein were observed in CSF and brain 
parenchyma 30min after an intravenous bolus dose given 
6 h after MCAo (Table 1). At the lower dose levels, the levels 
of EPO achieved in CSF and brain parenchyma were at the 
low end of the sensitivity range for our ELISA assay and there 
was considerable variability in the data. Interestingly, there 
was not a statistically significant difference in rhEPO or 
CEPO levels in the ipsilateral (that is, MCA occluded) 
hemisphere versus the contralateral non-ischaemic hemi- 
sphere. Nevertheless, these data demonstrate that across a 
fairly wide dose range, peripherally administered rhEPO and 
CEPO crossed the blood-brain barrier (BBB) and entered the 
brain parenchyma and CSF compartments. 



Drug effects on haematocrit 

Administration of three equal intravenous bolus doses of 
rhEPO (50, 500, 1150 or 5000 IU kg" 1 ) at 6, 24 and 48 h 
following MCAo produced significant (P<0.05) but transient 
rise in haematocrit, with the peak response occurring at day 
14 after the initial dose (Figure 1). Thereafter, haematocrit 
levels decreased, approaching pre-treatment levels at day 28. 
Consistent with previous reports (Leist et ai t 2004), admin- 
istration of three equal intravenous bolus doses of CEPO 
(50/igkg- 1 ) at 6, 24 and 48 h following MCAo did not alter 
haematocrit at any time point. 



Delayed (6h) treatment with EPO or CEPO reduces infarct volume 
To examine the long-term neuroprotective effects of CEPO 
and rhEPO, ischaemlc rats were treated 6 h after MCAo with 
different dose levels of CEPO or rhEPO and killed 28 days 
after MCAo. We first measured the entire infarct volume 
including the cortex and the subcortex. Treatment with 
rhEPO at doses of 500 and 5000 IU kg~ 1 or CEPO at a dose of 
SOwgkg" 1 , significantly (P<0.05) reduced mean infarct 
volume compared with the mean infarct volume In animals 
treated with vehicle (Figure 2). The rhEPO 5000 IU kg" 1 
group exhibited 28% reduction of mean infarct volume, an 
effect that is indistinguishable with the outcome observed in 
animals treated with 50/igkg" 1 CEPO (27%). The rhEPO 
SOOIUkg" 1 dose gToup showed 17% reduction of infarct 



volume (Figure 2). There was no effect on infarct volume in 
the rhEPO SOIUkg' 1 group (Figure 2). 

Administration of rhEPO or CEPO 6h after MCAo could 
protect against subsequent neuronal damage in the cerebral 
cortex. We then separately measured infarct volume in the 
cortex and the subcortex. Treatment with rhEPO at doses of 
500 and USOlUkg" 1 or CEPO at a dose of 50 jig kg M 
significantly reduced cortical (26 and 30% for rhEPO 500 
and HSOIUkg" 1 , respectively, 36% for CEPO) but not 
subcortical infarct volume (Figure 2). Remarkably, rhEPO at 
a dose of 5000 IU kg"' significantly reduced infarct volume 
in both the cortex (22%) and subcortex (36%, Figure 2). 

To examine whether treatment with rhEPO or CEPO 
improves neurobehavioural outcome, we performed a bat- 
tery of behavioural tests that are sensitive to sensorimotor 
impairment in rodents (U et al., 2000; Chen et al, 2003; 
Zhang et al, 2003, 2004, 2005; Wang et al, 2004). All rats 
subjected to embolic MCAo and treated with vehicle 
exhibited severe neurological deficits. However, rats treated 
6h after MCAo with rhEPO at doses of 500, 1150 and 
5000 IU kg" 1 or CEPO at a dose of 50 jig kg* 1 , showed 
significantly (P<0.05) improved neurological outcome. The 
separation between vehicle and treated animals began 7-21 
days after MCAo, and the reduction of sensorimotor 
impairment versus vehicle control persisted to the end of 
the study, 28 days after MCAo (Figure 3). Improvement of 
behavioural outcome was better CP < 0.01) in rats treated 
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Figure 1 Changes in haematocrit before, during and after 
treatment with rhEPO and CEPO. Zero and 1 day time points 
represent prior to MCA occlusion and CEPO or rhEPO treatment, 
respectively. *P<0.05 and **P<0.01 vs the vehicle group. N=10 
rats per group. CEPO, carbamylated rhEPO; MCA, middle cerebral 
artery; rhEPO, recombinant human erythropoietin. 



Table 1 CEPO and EPO levels measured 30min after CEPO or rhEPO administration 



Croups 




rhBPO (tU kg- ') 




CtPOfrgkg ') 




WOO (ngmr\ n~3) 


2SO0(ngmr',n^4) 5000 (ng mT n = 3) 


10000 (ngmr\x\~s) 


S (ngmr',n = 3) 50 (ngmr* \ n= 3) 


CSF 
Plasma 
Ipsilateral 
Contralateral 


17.8±11.7 
476*313 
0.22 ±0.11 
0.2+0.1 


2.6 ±2.0 3.0 ±0.7 
329 + 137 969±60 
0.20+0.18 1.03 + 0.11 
0.1 ±0.04 0.8 + 0.2 


28.9 ±3.2 
11S74±766 
7.37±1.09 
5.8 ±1.4 


2.0+0.4 16.5±5.7 
177±5.3 S04 + 1006 
0.4+0.01 1.2 ±0.2 
0.4+0.03 0.7+0.04 



Abbreviations: CEPO, carbamylated rhEPO; CSF, cerebrospinal fluid; EPO, erythropoietin; rhEPO, recombinant human erythropoietin. 

Values are mean ±s.e. 
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Figure 2 Infarct volumes 28 days after embolic MCA occlusion. Panel a shows infarction on a coronal section stained with H&E of a 
representative rat from vehicle, rhEPO 5000 IU kg' y and CEPO 50/igkg' 1 groups. Panel b shows quantitative analysis revealing that delayed 
(6 h) treatment with CEPO or rhEPO reduced infarct volume. Infarct volumes were measured as a whole hemisphere (Whole), cortex and 
subcortex. fV- 12 rats for control, rhEPO SOOIUkg- 1 , and rhEPO 5000 IU kg" 1 groups. N~6 rats for rhEPO SOIUkg" 1 , rhEPO 1150 IU kg" 1 , 
and CEPO 50 /ig kg" 1 groups, *P< 0.05 vs the vehicle group. CEPO, carbamylated rhEPQ; H&E, haematoxylin and eosin; MCA, middle cerebral 
artery; rhEPO, recombinant human erythropoietin. 
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Figure 3 The effects of CEPO and rhEPO on neurological function. Delayed (6h) treatment with CEPO or rhEPO improves neurological 
function measured by foot-fault test (a) and mNSS (b) compared with the vehicle group. *P< 0.05 vs the vehicle group and " P< 0.05 vs rhEPO 
500 and HSOIUkg" 1 groups. N=10 rats per group. CEPO, carbamylated rhEPO; mNSS, modified neurological severity score; rhEPO, 
recombinant human erythropoietin. 



with 5000 IU kg -1 rhEPO when compared to rats treated with 
rhEPO at doses of 500 or HSOIUkg' 1 (Figure 3). Surpris- 
ingly, treatment with rhEPO SOIUkg" 1 beginning at 6h 
post-MCAo also slightly but significantly improved neuro- 
logical outcome when assessed 28 days after MCAo (P=0.03, 
Figure 3). 



Delayed treatment with rhEPO or CEPO reduces apoptosis 
and microglial activation 

Previous studies have reported that acute treatment with 
rhEPO prevents neuronal apoptosis and reduces activation of 
inflammatory cells within the CNS (Siren et al, 2001; Ghezzi 
and Brines, 2004). To examine whether delayed treatment 
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with rhEPO reduced apoptosis and microglial activation, we 
measured the number of apoptotic cells and activated 
microglia in the ischaemic boundary region 28 days follow- 
ing MCAo (Zhang e t al, 1997c). Treatment of rhEPO at a dose 
of 5000 1U kg* 1 or CEPO (50/igkg' 1 ) significantly reduced 
the number of TUNEL-positive cells (31% for rhEPO and 35% 
for CEPO) and activated microglial cells (36% for rhEPO and 




Art 






Figure 4 The effect of CEPO and EPO on apoptosis and microglial 
responses. Panels a-f are images of activated microglial cells identified 
by IB4-positive cells in the cortical boundary region from representative 
rats treated with vehicle (a and b), rhEPO 5000IUkg" > (c and d) or 
CEPO 50/^gkg" 1 (e and f). Panels b, d and f are high rnagjtfication 
images from the box area in panels a, c and e, respectively, (g and h) 
Quantitative data of TUNa-positive cells and activated microglial cells, 
respectively, in the ischaemic boundary region. Core in the panels a, c 
and e indicates the ischaemic core. Bar-80/<m for panels a, c and e; 
Bar= 20 /im for panels b, d, and f. CEPO, carbamylated rhEPO; EPO, 
erythropoietin; rhEPO, recombinant human erythropoietin; TTJNEL, 
deoxynudeotidyi transferase-mediated biotinytated ITT? nick end 
labelling model. *P<a05 vs the vehicle group. 



CEPO) compared with the number in the vehicle group 28 
days after MCA occlusion (Figure 4). 



Discussion 

The results of the present study demonstrated that rhEPO at 
doses of 500, 1150 and SOOOIUkg 1 or CEPO at 50/igkg"\ 
administered 6h following embolic MCAo significantly 
reduced infarct volume and improved neurological outcome 
compared with rats treated with vehicle. Moreover, our 
results indicate that measurable concentrations of rhEPO 
and CEPO are achieved in CSF and brain parenchyma 
following peripheral intravenous bolus dosing and that the 
concentrations achieved at the higher dose levels are 
consistent with those required for activity using in vitro 
models of neuronal injury. In these models, 1 lUml' 1 EPO 
(lIUmT 1 EPO = 8ngml" 1 EPO) protected P19 cells from 
injury induced by serum withdrawal (Siren et al., 2001). 

The neuroprotective effects of rhEPO have been demon- 
strated in several experimental models of stroke (Siren ef al. t 
2001; Grasso et al, 2004; Leist et al, 2004; Villa et al, 2006). In 
a model of transient cortical ischaemia, rhEPO at doses of 500 
to 5000 IU kg" 1 has been shown to reduce Infarct volume 
(Brines et al, 2000, 2004; Siren et al, 2001). In the present 
study, we used a model of embolic MCAo that mimics 
malignant MCA infarction and severe neurological impair- 
ment of human stroke (Hacke et al, 1996; Zhang etal, 1997; 
Carmichael, 2005). Our data show that delayed (6 h) treatment 
with rhEPO at doses of 500, 1 150 and 5000 but not 50 IU kg" 1 
significantly reduced infarct volume 28 days after stroke. 
rhEPO at a dose of 5000 IU kg" 1 was more effective in reducing 
the entire infarct volume (28%) compared with a dose of 
SOOIUkg" 1 (17%). These data suggest that delayed treatment 
with rhEPO is effective even for malignant stroke and that the 
neuroprotective effects of EPO are dose-dependent. 

There are two major differences between those earlier 
studies and the present work. First, earlier studies used either 
a permanent focal MCAo model in which there is little or no 
reperfusion of the ischaemic tissue or a model of cortical 
infarction in which a distal branch of the MCA was occluded 
(Sadamoto et al, 1998; Brines et al, 2000; Leist et al., 2004). 
The embolic MCAo model used here frequently exhibits 
spontaneous clot lysis and reperfusion within 24-48 h 
following MCAo, which closely mimics human stroke 
(Zhang et al, 1997; Jiang et al, 1998). Second, and perhaps 
most importantly, earlier reports demonstrating activity of 
rhEPO in rodent stroke models used a single intravenous 
bolus drug infusion. In the present study, we used a multiple- 
dose paradigm in which three equal doses of drug were 
administered, with the initial dose given 6h and additional 
doses given 24 and 48 h after the initial dose. This dosing 
paradigm was used to match as closely as possible the dosing 
paradigm used in a small but positive clinical study using 
rhEPO and stroke (Ehrenreich et al, 2002). 

As expected, all doses of rhEPO used in the present study 
produced a significant but transient elevation in haemato- 
crit. This effect on haematocrit is consistent with the 
effects produced by other haematopoietic agents studied in 
preclinical stroke models (Belayev et al, 2005). Consistent 
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with earlier reports, CEPO which does not bind to the 
classical EPOR did not elevate haematocrit (Leist et aL, 2004). 
The present study extends previous findings by demonstrat- 
ing that, as for rhEPO, delayed (6h) treatment with CEPO 
significantly reduced infarct volume and improved func- 
tional outcome 28 days after embolic MCAo. Although the 
cellular mechanisms responsible for the neuroprotective 
effects of CEPO have not been fully elucidated, CEPO may 
evoke a protective response by signalling through the 
common preceptor subunit, perhaps in a heteromeric 
complex with the EPOR (Brines et at., 2004). Here, we 
showed that CEPO and rhEPO, administered intravenously, 
crossed the BBB, consistent with previous reports (Brines 
et aL, 2000; Juul et aL, 2004; Leist et aL, 2004). 

The present study showed that the neuroprotective effect 
of delayed treatment with CEPO and rhEPO was primarily 
localized to the cerebral cortex. In this model of embolic 
stroke, we demonstrated previously that impairment of 
cerebral microvascular circulation in the cortex develops 
within 6h after the onset of MCAo and the majority of 
ischaemic damage to neurons in the cortex are reversible 
(Garcia era/., 1993; Zhang era/., 2001). Thus, this6hwindow 
in the cortex could provide an access for rhEPO and CEPO to 
reach cerebral microvessels and pass the BBB rescuing 
potentially viable neurons in the ischaemic boundary 
region. Antiapoptotic and anti-inflammatory effects have 
been proposed as likely mechanisms contributing to the 
neuroprotective activity of rhEPO and CEPO (Siren et aL, 
2001; Agnello et aL, 2002; Brines et aL, 2004; Maiese et aL, 
2004). We found that delayed treatment with rhEPO and 
CEPO substantially reduced apoptosis and production of 
activated microglial cells in the ischaemic boundary region 
28 days after the onset of MCAo. However, it remains to be 
determined whether these beneficial effects of rhEPO and 
CEPO are generated either by direct or by indirect anti- 
inflammatory and antiapoptotic effects. 

In summary, delayed (6h) treatment with CEPO and 
rhEPO reduces infarct volume and improves functional 
outcome following embolic MCAo. The long treatment 
window described here, coupled with the use of a multiple 
dose paradigm, suggests a viable therapeutic window for the 
use of these agents in the treatment of human stroke. 
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Background/aima: High levels of hydrogen peroxide (H2O2) 
are observed during inflammatory and ischemic states of the li- 
ver and usually lead to cellular dysfunction and cytotoxicity. 
Recently, it has been reported that erythropoietin and mitoc- 
hondrial K (ATP) channel openers have a protective effect via a 
pharmacological preconditioning action during ischemia reper- 
fusion injury of the liver and heart. However, it remains uncle- 
ar as to whether K (ATP) channel blockers can reduce the pro- 
tective effect of erythropoietin in the H2O2 induced injury of he- 
patocytes. Methods: To determine whether erythropoietin treat- 
ment decreases HsOt-induced toxicity, we used human hepa- 
tocyte cell line Hep3B for assays. Cells were pretreated with dif- 
ferent dosages of erythropoietin (0.1-1-10-50 lU/ml) 2 h before 
H2O2 application. For determination of effects of blockage of mi- 
tochondrial K (ATP) channels during erythropoietin treatment, 
glibenclamide treatment was applied to the medium 2 h before 
H2O2 toxicity. Cell number, lactate dehydrogenase and caspase- 
3 levels were measured in erythropoietin, glibenclamide and lor 
Hi02-treated groups. Results: Erythropoietin treatment signi- 
ficantly increased cell number at the 24* and 48* h compared to 
the control group. H2O2 application induced apoptosis and lac- 
tate dehydrogenase release from Hep3B cells and decreased cell 
number. Erythropoietin prevents H2O2 toxicity in hepatocytes. 
The K channel inhibitor glibenclamide decreased the cytoproli- 
ferative and cytoprotective effect of erythropoietin during H2O2 
toxicity ofHep3B cells. Conclusions: Erythropoietin treatment 
may be considered as a therapeutic agent during oxidative inju- 
ries of hepatocytes and its cytoprotective effect is abolished by 
glibenclamide. 

Key words: ATP dependent K channel, caspase-3, 
erythropoietin (EPO), glibenclamide, hepatocyte, hydrogen 
peroxide {H2O2) toxicity, lactate dehydrogenase (LDH) 



Amac: Karacigerin enflamatuar ve iskemik hasarlannda ytik- 
sek diizeyde Hi02aciga cikmakta vegenellikle hQcresel disfonk- 
siyona ve sitotoksisiteye neden olmaktadir. Son dbnemlerde, 
eritropoietin ve mitokondriat K (ATP) kanal acicilanntn kara- 
ciger ve kalbin iskemi reperfuzyon has an sirasinda farmakolo- 
jik dnsartlanma olusturarak koruyucu etkiye sahip oldugu gds- 
terilmistir. Bununla beraber; K (ATP) kanal blokorlerinin. erit- 
ropoietinin karacigerde olusturulan H2O2 toksisitesine karsi 
koruyucu etkisini azaltip azaltamayacagi heniiz bilinmemekte- 
dir. Ydntetn: Eritropoietinin H2O2 He olusturulan toksisitesin- 
deki etkisini arastirmak amaciyla calismamuda insan hepato- 
sit hilcre dizisi Hep3B kullanilmistir. Hucreler H2O2 uygula- 
masmdan 2 saat 5nce eritropoietinin farkh dozlanyla (0.1-1- 
10-50 IU t ml) on tedavi edilmisUr. Eritropoietinin uygulamasi 
strasinda mitokondriat K (ATP) kanal blokajmin etkisini gdr- 
mek amaciyla glibenklamid ortama H2O2 toksisitesinden 2 sa- 
at once eritropoietin He eszamanli olarak eklenmistir. Hilcre sa- 
yisi, laktat dehidrogenaz ve kaspaz-3 dilzeyleri eritropoietin, 
glibenklamid vefveya H2O2 ile muamele edilmis hucrelerde 61- 
cUlmiisttlr. Bulgular: Eritropoietin uygulamasi hiicre sayisini 
kontrol grubuna gore 24 ve 48. saatlerde belirgin bir sekilde 
arttirmistir. H2O2 eklenmesi; hucrelerde apoptosis, hucre 6lU- 
mii ve laktat dehidrogenaz salimmmi arttirmistir. Eritropoieti- 
n tedavisi; hepatositleri H2O2 toksisitesinden korumustur. K 
kanal inhibitdril glibenklamid Hep3B lerde H2O2 toksisitesi si- 
rasindaki sitoproliferatif ve sitoprotektif etkisini azaltmistir. 
Sonuc: Eritropoietin uygulamasi hepatositlerin oksidatifhasa- 
n sirasinda tbrapetik bir ajan olarak dnerilebilir ve eritropoie- 
tinin sitoprotektif etkisi glibenklamid ile azalmaktadir. 

Anahtar kellmeler: ATP bagimli K kanali, kaspaz-3, eritropoi- 
etin (EPO), glibenklamid, hepatosit, hidrojen peroksit (H2O2) 
toksisitesi, laktat dehidrogenaz (LDH) 



INTRODUCTION 

In liver injury, hepatocytes are subjected to oxida- 
tive stress from both reactive oxidative species 
(ROS) generated intracellular^ in response to 



cytokines and hepatotoxins and ROS produced ext- 
racellulariy by inflammatory cells. Peroxisomal 
oxidases and microsomal cytochrome P450 enzy- 
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mes are the most important sources of ROS, jo- 
intly accounting for the production of 80% of the 
hydrogen peroxide (H2O2) in the liver under nor- 
mal physiological conditions (1). Both exogenously 
exposed and endogenously produced ROS are 
known to act as intermediates in apoptotic signa- 
ling. H2O2 is involved in numerous types of cell 
and tissue injury. High levels of H2O2 are observed 
during inflammatory states and usually lead to 
cellular dysfunction and cytotoxicity. Especially 
during alcohol-induced hepatotoxicity, induction 
of microsomal cytochrome P450 enzymes occurs 
(2). During infections and inflammation, neutrop- 
hils trigger a long-lasting oxidant stress through 
NADPH oxidase. Superoxide generated by 
NADPH oxidase dismutates to oxygen and H2O2, 
which is a highly diffusible oxidant. In addition, 
myeloperoxidase released from the neutrophils' 
azurophilic granules can generate hypochlorous 
acid (3). The hydroxyl and superoxide radicals ge- 
nerated by H202can lead to necrotic cell injury 
through damaging interactions with cellular DNA, 
protein, or lipids, which disrupts critical cellular 
macromolecules and energy production (1,4). 

Erythropoietin (EPO) is a hematopoietic cytokine. 
Decreased oxygen delivery, most often due to ane- 
mic hypoxemia, is the primary stimulus to EPO 
release. Typical for cytokines, EPO has multiple 
functions besides bone marrow. Previous studies 
showed that it has strong antiapoptotic and anti- 
oxidant properties (5,6). EPO activates different 
protein kinase signalling pathways and can incre- 
ase resistance to ischemia and oxidative stress. 
Before ischemia reperfusion (I/R) injuries, admi- 
nistration of mitochondrial ATP dependent K 
channel opener protects neurons from oxidative 
damage and apoptosis (7,8). The same results we- 
re seen after a liver I/R model (9). EPO treatment 
during I/R damage mimics preconditioning ( 10). It 
has been shown that ATP dependent K channel 
activation is involved in cardioprotective effects of 
EPO during cardiac I/R damage (11). Previous stu- 
dies demonstrated the sizeable beneficial effects of 
EPO in several clinical in vivo models of I/R injury 
(9), shock (12) and laparoscopy ( 10) induced dama- 
ge of the liver, but direct effect of EPO treatment 
during H2O2 toxicity in hepatocytes is not yet 
known. In this study, we aimed to investigate 
whether EPO treatment is protective during H2O2 
toxicity and its relationship with ATP dependent 
K channel activation. 



MATERIALS AND METHODS 

Cell lines, chemicals and materials: 

Human hepatoma ceil line Hep3B cells were obta- 
ined from the ATCC. Cells were cultured in RPMI- 
1640 medium (PAA, Austria), supplemented with 
fetal calf serum (FCS) (PAA, Austria), L-glutami- 
ne (Sigma, USA), streptomycin (Sigma, USA) and 
penicillin (Sigma, USA). Effect of EPO (rHuEPO - 
recombinant human erythropoietin- Eprex 4000 
IU/0.4 ml flacon, Janssen-Cilag) treatment during 
H2O2 (Sigma, USA) toxicity was studied. Cell co- 
unts were tested by 3-[4,5-dimethylthiazol-2-yl]- 
2,5 diphenyltetrazolium bromide (MTT, Sigma, 
USA). For evaluation of apoptosis, caspase-3 le- 
vels were measured by a fluorometric kit (Bioti- 
um, USA). Lactate dehydrogenase (LDH) level 
was measured with a kit using an automatic mul- 
tianalyzer (Roche; P800). 

Effects of glibenclamide (Sigma, USA) during 
H2O2 toxicity were evaluated. 

Cell culture and experimental protocol: 

The human hepatoma cell line Hep3B was cultu- 
red in RPMI-1640 medium, supplemented with 
10% v/v FCS, 2 mM Lrglutamine, streptomycin 
(100 ug/ml) and penicillin (100 lU/ml) in a humidi- 
fied atmosphere containing 5% CO2 at 37*C. One 
day before the experiments, cells were seeded on 
96-well microtiter plates (Nunc, Denmark) as 
2X10 6 ceils/ml. 

Depending on the groups, different concentrations 
of EPO (0.1-1-10-50 IU/ml), ghbenclamide (10 uM) 
and/or H2O2 (100 uM) were added to medium. Be- 
fore induction of cell death by H2O2, cells were 
pretreated with different dosages of EPO for 2 h, 
then H2O2 was applied for 2 h. Then medium was 
changed according to group protocols. Glibencla- 
mide treatment was applied to medium 2 h before 
H2O2 toxicity. For determination of effects of gli- 
benclamide during EPO treatment, we used EPO 
at a concentration of 50 IU/ml in the experiment. 

LDH and caspase-3 levels were measured from 
EPO, glibenclamide and/or H202treated groups at 
the 48 th h. After supernatants were removed, cell 
surface was washed with sterile phosphate buffe- 
red saline (PBS) and cells were harvested with 
lysis solution, and caspase-3 levels of groups were 
measured from cell ly sates. LDH measurement 
was done from both the supernatant and cell lysa- 
te. 
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Evaluation of cellular proliferation: 

The MTT, a colorimetric assay based upon the abi- 
lity of living cells to reduce 3-[4 t 5-dimethylthiazol- 
2-yl]-2,5 diphenyltetrazolium bromide into forma- 
zan, was used for evaluation of the effects of H202, 
EPO and glibenclamide on cellular death or proli- 
feration (2 nd , 24 th and 48 th h). 

Biochemical Determination of Cell Death 

Hep3B cells were plated in 96 multi-well culture 
plates as 3X10 5 cells/ml. LDH is normally present 
in the cytosol of hepatocytes. In response to cell 
damage, LDH is released from the cells. Therefo- 
re, to determine cell death, we measured secreted 
and intracellular LDH levels and we calculated % 
released LDH at the 48 th h of each group. To do 
this, the medium was collected to measure enzyme 
activities. The adherent cells were lysed. Both me- 
dium and cell lysates were used for quantitative 
determination of LDH activity (IU/L), which was 
performed with an automatic multianalyzer (Roc- 
he) using kit (Roche). Released enzyme fractions 
for each sample were calculated as the ratio of 
enzyme present in the medium vs. the sum of the 
levels of the same enzyme in the supernatant and 
in the cells. 

Measurement of apoptosis: 
Caspase-3 levels: 

The presence of apoptosis was determined by cas- 
pase-3 levels. Equal numbers of cells were used for 
caspase-3 level measurements. Cells were lysed 
with assay buffer (50 raM HEPES, pH 7.4, 100 mM 
NaCl, 0.1% CHAPS, 10 mM DTT, 2 mM EDTA, 2 
mM EGTA, Triton X-100, 0.1%). Caspase-3 levels 
were measured by DEVD-R110 Fluorometric HTS 
Assay Kit from cell lysates. The fluorogenic subst- 
rate (Ac-DEVD)2-R110 was used for this assay. It 
is completely hydrolyzed by the enzyme in two 
successive steps. Cleavage of the first DEVD pep- 
tide results in the monopeptide Ac-DEVD-RllO 
intermediate, which has absorption and emission 
wavelengths similar to those of R110 
(Xabs/Xabs=496/520 nm), but has only about 10% the 
fluorescence of the latter. Hydrolysis of the second 
DEVD peptide releases the dye R110, leading to a 
substantial fluorescence increase. 

Equal volumes of sample and caspase-3 detection 
buffer were added to assay plate, then incubated 
at 37°C for 1 h. Results were read with a fluorome- 
ter at 470 nm excitation filter and 520 nm emissi- 



on filter. Rl 10 was used for generating a standard 
curve to calculate amount of substrate conversion. 

Statistical Analysis 

Results of the experiments were analyzed by one 
way ANOVA, followed by a multiple comparison 
test using SPSS 10.0. p <0.05 was accepted as sta- 
tistically significant. Results are given as me- 
an±SEM. 

RESULTS 

Cell proliferation and toxicity: 

H2O2 exposure decreased living cell number im- 
mediately at the 2 nd h compared to control and 
EPO treatment groups (p<0.05). At the end of the 
experiment (48 th h), cell numbers in the H202-tre- 
ated group were decreased significantly compared 
to the other groups (p<0.001). At the 48 th h of EPO 
treatment, hepatocyte number was increased com- 
pared to H2O2 and control groups (p<0.001). There 
was no significant difference between cytoprotecti- 
ve effects of the different dosages of EPO treat- 
ment during H2O2 toxicity (Figure 1). 
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Figure 1. % Cell death was determined at 2* 24* and 48 rt h by 
3-(4^-dimethyIthiazoI-2-yO-2^-diphenyltetrazoIium bromide 
(MTT) assay. H2O2 exposure induced prominent cell death in 
Hep3B hepatocytes. Data are from six independent experiments 
for each condition. Data are given as mean±SEM. P<0.05 was 
accepted as statistically significant. 

'represents p<0.05, "represents p<0.001 difference between 
H202-cxposed cells and the control group. 



Glibenclamide diminished the proliferative and 
cytoprotective effect of EPO treatment (p<0.05) 
(Figure 2). 

Cellular cytotoxicity of H2O2 was also determined 
by LDH release percentages at the 48 !h h. H202ex- 
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Figure 2. ATP dependent K channel blockage with glibenclami- 
de inhibited the cytoproliferative effect of EPO. Data art given 
as mean±SEM. P<0.05 was accepted as statistically significant, 
'represents p<0X)5, "represents p<0.00l difference between 
H202-ex posed cells and the control group. 
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Figure 4. Caspase-3 levels: H2O2 toxicity caused prominent 
apoptosis at the 48* h (p<0.001). EPO treatment during H2O2 to- 
xicity decreased apoptosis. Data are given as mean±SEM. ♦rep- 
resents difference between control and H2O2 toxicity groups 
(fKO.OOl). 



posure caused increased LDH release from Hep3B 
cells. EPO treatment protected hepatocytes from 
toxic effects of H2O2 (Figure 3). 

Determination of apoptosis: 

Caspase-3 level was used for the determination of 
the apoptotic effect of H2O2. At the 48 lb h, H2O2 ca- 
used apoptosis in Hep3B cells (p<0.001). EPO tre- 
atment was protective against H2O2 by decreasing 
apoptosis as measured by caspase-3 levels (Figure 
4). Similar results were seen from the apoptosis 
assay like MTT and LDH leakage. Glibenclamide 
abolished the antiapoptotic effect of EPO treat- 
ment at the 48 th h. Glibenclamide alone slightly 
increased apoptosis in Hep3B cells but it was not 
statistically significant (Figure 5). 
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^ Figure 3. H2O2 induced cytotoxicity at the 48" h of the experi- 

ment determined by LDH % released to medium. H2O2 induced 
two-fold LDH release from hepatocytes at the end of the 48* h 
(p<0.0l). Data are given as mean±SEM. *rcpresents difference 
between control and H2O2 groups. 
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Figure 5. Caspase-3 levels: Glibenclamide, EPO. EPO+glibenc- 
lamide treatment did not cause any increase in caspase-3 levels 
of the hepatocytes at the 48* h. H2O2 toxicity increased caspase- 
3 levels compared to control (p<0.001). EPO treatment during 
toxicity decreased H202-induced damage (p<0.01). 'represents 
difference between H2O2. glibenclamide-H202 and control gro- 
ups(p<0.001).*represents difference between EPO-glibenclami- 
de-H202 and control groups (p<0.01). 



DISCUSSION 

In liver diseases, ROS are involved in cell death 
and liver injury. During oxidative stress or ische- 
mia, mitochondrial damage occurs; cytochrome c 
releases and activates downstream caspases le- 
ading to apoptosis. Application of H2O2 induced 
apoptosis and cell death in hepatocytes (1). We fo- 
und increased caspase-3 level in this group. LDH 
is an enzyme that is normally present in the cyto- 
sol of hepatocytes. In response to cell damage (nec- 
rosis or late-stage apoptosis), LDH is released 
from the cells (13). Therefore, to determine cell de- 
ath, we measured secreted and intracellular LDH 
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levels. Cell number of the H2O2 toxicity group was 
lower at the 48 th h compared to 2 nd and 24 th h. We 
calculated % released LDH at the 48 th h of each 
group. As a result of increased cellular damage, 
increased LDH leakage occurs from cells to the 
medium, as we found in the H2O2 toxicity group. 

We applied EPO treatment before H2O2 toxicity. 
Application of EPO decreased peroxide-triggered 
apoptosis, LDH leakage, and cell death. Caspase- 
3 levels were decreased in the EPO treatment gro- 
up. We found that EPO treatment has antiapopto- 
tic and proliferative effect on hepatocytes, and this 
effect was independent of the dosages selected in 
the experimental design. EPO had a hepatoprotec- 
tive effect against H2O2 toxicity and the nonspeci- 
fic ATP dependent K channel blocker, glibenclami- 
de, abolished this effect. Direct acute protective ef- 
fects of EPO have been shown to implicate these 
channels. Previous studies have shown that syste- 
mic application of single-dose EPO treatment inhi- 
bits nitric oxide mediated free-radical formation in 
the rat liver, and reduces oxidative stress, caspa- 
se-3 levels and liver enzymes in the serum of rats 
after I/R injury (9-12). Our study supported these 
findings and we found that EPO has a direct 
cytoprotective and cytoproliferative effect on hepa- 
tocytes. 

Information related to the role of K channels in 
hepatocytes is limited. The ATP-sensitive K+ 
channels in both sarcolemmal and mitochondrial 
inner membrane are the critical mediators in cel- 
lular protection of ischemic preconditioning. Acti- 
vation of mitochondrial ATP dependent K* chan- 
nels plays a significant role in the reduction of 



apoptosis (13,14). ATP dependent K* channels ha- 
ve significant roles in liver growth control as indi- 
cated by stimulation of DNA synthesis. It was 
shown that K ATP channel blockers quinidine and 
glibenclamide inhibited DNA synthesis both with 
and without hepatic growth factor stimulation in 
hepatocytes (15). 

Opening of these channels has been related to pro- 
tein kinase C activation, calcium- mediated sig- 
nals and through mitogen- activated protein kina- 
ses (MAPK) activation (16,17). It is known that 
EPO activates protein kinase receptors and 
MAPK Activation of protein kinases induces mi- 
togenic activity in cells (18). The cytoproliferative 
effect of EPO is also mediated by these kinases 
and these effects were blocked by ATP dependent 
K channel blockage ( 19). Although we did not eva- 
luate intracellular pathways and kinases, blocka- 
ge of the cytoprotective and proliferative effects of 
EPO treatment by K channel blockage might be 
due to blockage of protein kinases. 

In conclusion, these results suggest that the pro- 
tective role of EPO against hepatic H2O2 toxicity 
correlated with activation of ATP dependent K 
channel activation. 

EPO is a therapeutic drug for different liver injury 
models. However, further investigations are requ- 
ired to clarify this role, because the hepatic protec- 
tive mechanisms associated with EPO and subty- 
pes of K ATP channels are not yet clearly defined. 
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